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NOTICE:  The  project  that  la  the  subject  of  this  report  was  approved 
by  the  Governing  Board  of  the  National  Research  Councils  whose  members 
are  drawn  from  the  councils  of  the  National  Acadnq^  of  Sciences,  the 
National  Academy  of  Engineering,  and  the  Institute  of  Medicine.  The 
members  of  the  ccomlttee  responsible  for  the  report  were  chosen  for 
their  special  competences  and  with  regard  for  appropriate  balance. 

This  report  has  been  reviewed  by  a  group  other  than  the  authors 
according  to  procedures  approved  by  a  Report  Review  Committee 
consisting  of  members  of  the  National  Academy  of  Sciences,  the 
National  Academy  of  Engineering,  and  the  Institute  of  Medicine. 

The  Research  Council  was  established  by  the  National  Acades^  of 
Sciences  in  1316  to  associate  the  broad  community  of  science  and 
technology  with  the  Academ/'s  purpose  of  furthering  knowledge  and  of 
advising  the  federal  government.  The  Research  Council  operates  In 
accordance  with  general  policies  determined  by  the  Acaden^  tinder  the 
authority  of  Its  ccngressional  charter  of  1863,  which  establishes  the 
Academy  an  a  private,  nonprofit,  self-governing  membership 
corporation.  The  Research  Council  has  become  the  principal  operating 
agency  of  both  the  National  Academy  of  Sciences  and  the  National 
Academy  of  Engineering  in  the  conduct  of  their  services  to  the 
government,  the  public,  and  the  scientific  and  engineering 
communities.  It  is  administered  jointly  by  both  Academies  and  the 
Institute  of  Medicine.  The  National  Academy  of  ^glneering  and  the 
Institute  of  Medicine  were  established  In  1964  and  1970,  respectively, 
under  the  charter  of  the  National  Academy  of  Sciences. 


The  study  reported  in  this  publication  was  conducted  at  the  request  of 
and  funded  by  the  Office  of  Naval  Research  under  Contract  No. 
N0C014-93-G-0024. 
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FREPACX 


Th«  ComtlttM  on  Biota  chnology  Xppliad  to  Naval  tiaads  ma  formed 
in  tha  Board  on  Basic  Biology  within  tha  National  Rasaarch  Council's 
CoBad.ssian  on  Ufa  Sclancas  in  rasponsa  to  a  raquast  frcm  tha  17«S. 
Navy  for  advioa  on  tha  applicStions  of  biotechnology  to  meet  naval 
needs.  Initial  disciisaions  of  this  project  included  both  the  Naval 
Air  Systems  Command  (NAVAIR)  and  tha  Biological  Sciences  Division  of 
tha  Office  of  Naval  Research  (ONR),  whidi  decided  that  tha  Research 
Council  coiamittae  should  focus  on  blcaiatarialSf  biosensors,  and 
molecular  electronic  devices.  In  aubsaquant  discosslons  with  ONR,  tha 
project's  sponsor,  it  was  agreed  that  tha  oomalttae's  study  ^ould  be 
focused  on  basic  research  for  possible  support  by  ONR  rather  than  on 
davelopaent.  The  charge  to  the  committee  was  narrowed  to  an 
examination  of  basic  research  that  may  lead  to  developments  in 
biotechnology  in  only  two  fields s  bicmatarials  and  biosensors.  The 
sponsor  decided  that  the  committee  woiild  not  review  ONR's  ongoing 
program  of  research  support. 

The  committee  organized  two  conferences  to  explore  the  two  sejor 
subjects  of  its  study.  The  first  of  these,  on  blonaterlals ,  was  held 
in  Cambridge,  Hassachusetts,  on  September  19-20,  1983 i  the  aecond,  on 
bioaeiisors,  was  held  in  Washington,  D.  C. ,  on  May  7-8,  1984.  A  report 
on  each  of  these  was '  sulomltted  to  OMR  after  the  conferences. 

The  committee  sought  advice  from  a  variety  of  sources,  Including 
OMR,  to  develop  a  working  definition  of  biosensors  and  bicmaterlals 
and  to  Identify  scientists  studying  diverse  aspects  of  those  subjects 
who  could  present  papers  describing  tha  most  important  scientific 
problems  in  their  disciplines  and  current  approaches  to  their 
solutions.  In  addition,  these  scientists  ware  asked  to  indicate 
directions  that  basic  research  shotild  take  over  the  next  several 
years.  Thus,  tha  emphasis  of  the  conferences  was  placed  less  on  the 
nature  of  specific  biomatariais  or  biosensors  but  rather  on  blolpgical 
systems  or  analogs  thereof  and  interactions  ketween  these  systems. 

For  the  purposes  of  this  report,  biouatericls  are  defined  as 
substances  produced  by  biological  systems  or  synthesized  from 
biologically  produced  components.  The  conference  devoted  to  this 


V 


topic  was  divided  into  four  sections:  genetic  engineering;  proteins 
and  polysaccharides;  membranes «  including  Interactions  between 
biological  and  nonbiologlcal  materials;  and  future  directions  for 
b^slc  biological  research  in  these  areas* 

Biosensors  are  defined  as  stibstances  or  devices  that,  through 
biological  functions,  generate  signals  in  response  to  a  specific 
material  or  conditior.  The  conference  on  this  topic  consisted  of 
sessions  covering  receptors,  enzymology  and  immunology,  DNA  as  a 
detector,  and  the  development  of  synthetic  analogs  to  natural 
biological  reactions* 

In  both  conferences,  the' participants  provided  brief  written 
synopses  of  their  talks*  These,  together  with  their  oral 
presentations,  were  used  by  the  committee  to  develop  the  conference 
summaries  included  in  the  first  two  reports*  These  summaries  also 
■*^sd  as  the  foundation  for  the  committee's  discussion  of  the 
important  areaii  of  biology  meriting  support  from  OHR*  In  the  present 
report,  the  oemmittee  has  synthesized  the  findings  of  the  first  two 
reports,  added  material  from  further  literature  reviews,  and 
recommended  areas  in  basic  research  relevant  to  bicmaterials  and 
biosensors  to  be  supported  by  OMR* 

The  committee  members  who  prepared  this  report  and  stsmaarized  the 
conferences  are  listed  on  page  iii*  The  conference  participants  are 
listed  at  the  end  of  the  report*  He  wish  to  thank  David  Policansky 
and  Agnes  Gaskin  of  the  Commission  on  Life  Sciencos  staff  for  their 
able  assistance  and  acknowledge  the  OMR  for  its  support*  The  committee 
is  grateful  to  the  participants  in  the  conferences  for  their 
presentations  and  helpful  discussions  and  for  providing  us  with 
literature  for  use  in  our  study* 

Rita  R*  Colwell 

Chairman 

Committee  on  Biotechnology 
Applied  to  Naval  Needs 
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Chapter  1 


EXECOTIVS  SOMMARY 


In  reaponae  to  a  requeat  txoa  the  Office  of' Naval  Reaearch  (ONR), 
the  Conaittee  on  Biotechnology  Applied  to  Naval  Needa  (CBANN)  of  the 
National  Research  Council  (NRC)  held  two  conferencea  and  recoonaended 
areaa  of  baaic  reaearch  for  funding  by  ONR.  Proceedings  of  the  two 
conferences— the  first  on  biomaterials  and  the  second  on  biosensors— 
were  presented  in  separate  reports  submitted  to  ONR  in  1984  and  1985. 
The  subject  matter  of  both  conferences  is  reviewed,  summarised,  and 
discussed  in  the  present  report,  which  also  contains  general  and 
specific  recommendations  for  research  to  be  funded  by  ONR. 


The  development  of  marine  biotechnology  is  dependent  on  advances 
in  basic  research.  Thus  both  conferences  focused  on  basic  science 
that  could  be  expected  to  lead  to  developments  of  biomaterials  and 
biosensors  and  their  applications.  After  reviewing  all  relevant 
information,  the  committee  concluded  that  there  are  two  broad  areas 
that  need  to  be  elucidated:  in  biomaterials  research,  it  is  the 
relationship  between  structure  and  function  of  biological  molecules: 
in  biosensor  research,  it  is  the  transduction  of  biochemical  reactions 
to  an  electrical  signal  in  real  time.  Zt  therefore  recommends  that 
the  ONR  support  basic  research  in  these  areas,. 


The  following  paragraphs  summarize  the  committee's  major  findings 
under  three  headings:  general  categories,  including  mechanisms  of 
funding  and  types  of  groups  to  be  funded;  specific  areas  of  research; 
and  techniques,  including  instrumentation.  Major  recommendations  in 
these  areas  are  given  below. 


GENERAL 

Increased  ONR  support  of  basic  research  in  the  biological  sciences 
would  lead  to  the  establishment  of  a  group  of  investigators  who  would 
serve  as  a  resource  for  advice  on  specific  topics  of  interest  to  ONR. 
Indeed,  ONR  is  in  a  uniqiie  and  enviable  position  to  catalyze  important 
advances  in  tha  basic  sciences  and  to  build  a  foundation  of  knowledge 

the  united  States. 


The  comraittea  recaransnds  that  ONR  continua  to  support  basic 
research  in  marine  biology,  especially  for  single  Investigators  and 
research  teams.  Development  and  exploitation  of  the  results  from  such 
research  are  Indeed  also  Important,  but  they  are  proceeding 
successfully  elsewhere.  For  that  reason,  and  because  they  were  not 
Included  In  the  ONR  charge  to  the  committee,  recommendations  for 
development  activities  are  not  offered  In  this  report. 

Multidisciplinary  projects  have  great  potential  value  to  marine 
biotechnology  because  they  bring  together  Individuals  with  different 
perspectives  on  research  problems.  The  often  fruitful  Interactions  of 
physicists,  chemists,  marine  biologists,  biochemists,  microbiologists, 
and  others  could  lead  to  breahthrou^s  In  basic  research  In  areas 
related  to  biosensors  and  blomaterlals .  For  this  reason,  the 
committee  recommends  that  ONR  consider  proposals  submitted  by  groups 
of  Investigators  from  diverse  disciplines,  perhaps  under  the 
leadership  of  one  principal  Investigator.  Cooperative  undertakings 
among  diverse  research  groups  in  universities  and  in  industry  should 
be  encouraged. 


SPECIFIC  RRSEARCH  AREAS 

':^Five  areas  of  basic  research  have  exciting  and  useful  potential  for 
the  acquisition  of  knowledge  concerning  blomaterlals  and  biosensors: 
nucleic  acids,  proteins,  polysaccharides,  synthetic  analogs,  and 
holistic  functions  of  marine  organisms..  Because  major  scientific 
discoveries  cannot  usually  be  predicted,  there  was  seme  reluctance  to 
pinpoint  specific  research  projects. -fi'cm  the  long  list  identified  by 
the  committee.  Nonetheless, 'i^the  following  areas  stood  out  as  being 
highly  promising  and  worthy  of'  ONR  support: 

>3'  — 

e  For  nucleic  acids:  structural  chemistry  and  conformation, 
molecular  genetics,  and  techniques  of  genets e  engineering. 

e  For  V^otelns :  structure  and  function  relationships, 

immunological  detection,  and  exploration  of  unusual  enzymes. 

e  For'^lysaccharides ;  structure  and  function  relationships, 
understanding  and  cataloging  their  specificities,  and  a  search 
for  new  and  unique  polysaccharides. 

e  For  lynthetic  analogs:  specificity  of  their  biological  action 
and  activity  in  unusual  microenvironments,  including  nonaqueous 
solvents.. 


I’or  whole  organisms;  unusual  organisms,  especially  those  from 
extrema  environments,  sensory  detection  and  communication,  and 
systematica  and  ecology,  of 


TECHNIQUES 


Kasearch  is  often  advanced  by  the  development  of  new  techniques 
and  instruments.  The  committee  believes  that  advances  In  the 
following  techniques  are  vital  for  the  basic  research  reconoended 
above  and  ultimately  for^aHlim||gg||m|gg|^gy:  transducers  to  convert 
the  antigen-antibody  reaction  t^ai^TecUlcal  signal  In  real  time; 
use  of  DNA  probes;  amplification  of  signals;  methods  for  culturing  and 
maintaining  unusual  organisms,  especially  those  from  extreme 
environments;  improvement  of  Instrumentation  and  refinement  of 
specific  techniques  for  determining  molecular  structure;  and  specific 
methods  for  cleaving  polysaccharides. 

In  simmtary,  blcmaterlals  and  biosensors  have  important  potential 
applications  in  marine  biotechnology .  Thus,  basic  research  with  a 
focus  on  providing  the  necessary  foundation  for 

future  developments  In  fhese  rapidly  changing  areas  should  be  lueful 
to  the  Navy  and  therefore  funded  by  ONR. 
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Chapter  2 

mraoDocTioN 


Biotechnology  Is  not  new,  since  the  techniques  of  microbiology  and 
genetics  have  been  applied  in  food  technology  and  agriculture  for 
centuriee.  However,  promising  new  technologies  such  as  recombinant 
DMA  and  hybrldomas  have  recently  attracted  special  attention.  Because 
of  its  potential,  biotechnology  is  of  greet  interest  to  universities, 
national  governments,  and  a  variety  of  industries.  Secant  p  sli¬ 
ce  tions,  Including  those  in  the  lay  press,  business  and  government 
reports,  and  scientific  literature,  indicate  the  depth  and  breadth  of 
this  interest  (Abelson,  1983;  Ccsibe,  1984;  Congressional  Research 
Service,  1984,  Crafts-Uc^ty,  1983;  Klausner,  1985;  National  Research 
Council,  1982.  1984a, b;  Office  of  Technology  Assessment,  1984;  Tucker, 
1985;  0.  S.  Department  of  Commerce,  1984;  Zaborsky  and  Yo>mg,  1984). 

Biotechnology,  especially  marine  biotechnology,  is  a  vital  concern 
of  the  Office  of  Naval  Research  (ONR).  In  addition,  ONR  has  a 
tradition  of  funding  basic  research  leading  to  developments  critical 
to  naval  n«MdB.  Because  biotechnology  encompasses  many  fields  of 
science  and  engineering,  however,  it  is  a  difficult  subject  to  survey 
comprehonsively.  Moreover,  some  promising  aspects  of  biotechnology 
will  be  realized  only  far  in  the  future.  For  these  reesons  ONR  has 
sought  the  advice  of  the  National  Research  Council  to  identify  areas 
of  basic  biological  research  that  may  lead  to  developments  in  the 
biotechnology  of  sensors  and  materials  appropriate  to  the  needs  and 
interests  of  the  O.S.  Navy. 

The  committee's  charge  defined  the  general  focus  of  its  study  but 
did  not  specify  that  the  re3ult;mt  recommendations  be  based  tn  ONR's 
current  research  program.  In::tead,  the  committee  was  asked  to  look  at 
aspects  of  basic  research  with  potential  applicability  to .the 
development  of  biosensors  and  bicmaterials.  In  this  third  and  final 
report,  the  committee  has  identified  five  major  topics  relevant  to 
biosensors  and  bicmaterials  that  merit  research  support  by  ONR.  Soma 
of  the  recoranendations  were  included  in  the  first  two  reports:  others 
are  new,  arising  from  additional  review  of  the  literature  and  further 
discussions  of  the  committee. 


Th«  coamittea  beliaves  that  the  devalopment  of  marine  biotechnology 
is  dependent  on  advances  in  basic  research.  Because  the  Navy's 
Bd.ssion  is  so  closely  linked  to  the  world's  oceans>  it  has  a  unique 
opportunity  to  take  a  leading  role  in  supporting  the  basic  research 
that  will  lead  to  developments  in  areas  such  as  biomaterials  and 
biosensors.  This  role  should  not  be  confined  to  preservation  but 
should  include  exploitation  as  well.  Support  is  especially  needed  for 
research  on  marina  organisms,  hot  only  because  they  are  an 
understudied'  genetic  pool,  but  also  because  their  adaptations  to  the 
marine  environment  are  potentially  applicable  to  marine  biotechnology. 

Because  of  the  vastness  of  the  subject  matter,  the  committee  did 
not  exhaustively  investigate  all  areas  of  potential  Interest  to  ONR, 
e.g.,  whole  organism  sensory  physiology.'  It  also  did  not  wish  to 
limit  ONR's  flexibility  in  choosing  potentially  productive  projects  by 
establishing  rigid  research  priorities.  Certain  areas  have  been 
highli^ted,  however,  to  provide  ONR  with  guidance  in  its  selection  of 
basic  research  that  mi^t  lead  to  advances  in  biotechnology.' 


CHAPTER  3 


HDCLEIC  ACIDS 


In  Its  very  structure,  which  involves  two  complementary  strands  in 
cells,  deoxyribonucleic  acid  {OHA}  provides  an  explanation  for 
heredity  and  is  the  repository  of  all  genetic  ihfozmatlon  carried  by 
the  chromosomes  (Watson,  1976} •  However,  xot  all  nucleic  acid  is 
informational  in  character  nor  is  all  the  informational  nucleic  acid 
found  in  the  chromosome.  The  study  of  nucleic  acids,  l.e, ,  DHA  and 
RNA,  is  of  central  importance  to  the  understanciing  and  the  practical 
application  of  biological  systems  such  as  for  biosensors  or 
biomaterials. 


STRUCTURE  OF  IRJCLEIC  ACIDS 

Nucleic  acids  are  linear  polymers  composed  of  a  relatively  small 
number  of  building  blocks  or  monomers  called  nucleotides.  There  are 
only  a  few  types  of  nucleotides,  and  the  linkages  between  them  are  all 
of  the  same  type.  DNA  and  RNA  are  chemically  different.  Both  contain 
four  different  nucleotides  differing  with  regard  to  the  sugar,  which 
is  ribose  in  RNA  and  2~deoxyribose  in  DNA.'  Each  nucleotide  cont^d.nB 
three  covalently  linked  components:  a  nitrogenous  base  (either  a 
purine  or  a  pyrimidine),  a  5-carbon  sugar  (ribose  or  deoxyribose) ,  and 
a  phosphoryl  group.  In  DNA  there  are  four  commonly  occurring  deoxy- 
rlbonucleotidvs  (adenine,  quarine,  cytosine,  and  thymine).  In  RNA 
there  are  four  commonly  occurring  ribonucleotides,  threa  of  which  have 
the  same  nitrogenoxis  bases  as  those  in  DNA.  The  fourth,  uracil, 
replaces  thymine  in  RNA. 


REPLICATION,  TRANSCRIPTION,  AND  TRANSLATION 

'  The  two  DNA  strands  each  serve  as  a  template  f ijr  making  a  new 
partner  strand,  and  this  is  crucial  to  the  role  of  DNA  as  hereditary 
material.  The  genetic  information  is  contained  in' the.  nucltotide 
sequence  of  each  strand,  and  since  the  sequence  is  exactly 
complementary  to  that  of  its  partner  strand,  both  strands  actually 
carry  the  same  genetic  informatiDn  for  the  replication  process.  There 
are  only  four  different  nucleotides,  but  the  amount  of  infonnation  and 


the  biological  variety  that  they  can  impart  are  great:  a  typical 
animal  cell  contains  a  linear  meter  of  OHh  (3  x  10^  nucleotides). 
Althou^  the  principle  underlying  DnA  replication  is  single,  the 
machinery  is  complicated  and  involves  many  different  proteins  and 
enzymes. 


In  the  first  step  in  protein  synl 
(l.e.,  genes  or  coding  regions)  are 
all  the  information  of  the  DNA  sequt 
wall  as  the  Isase-pairing  properties, 
rnd  messenge  -  RNA  (mBNA)  is  physics] 
e/tother  during  protein  synthesis  on 
100  different  proteins  associated  wi 
molecules. 


hesis,  specific  regions  of  DNA 
copied  into  SNA.  SNA  thus  retains 
nee  from  which  it  was  copied  as 
RKA  is  single  stramded,  however, 
ly  moved  and  read  from  one  end  to 
the  ribosome'— a  complex  of  almost 
th  several  structural  rRNA 


The  mSNA  nucleotide  sequence  is  read  in  serial  order  in  groups  of 
three.  Each  triplet  of  nucleotides,  called  a  codon,  specifies  one 
amino  acid.  Since  SNA  is  a  linear  polymer  cf  four  different 
nucleotides,  there  are  4^,  or  64,  possible  codon  triplets.  Since 
there  are  only  20  amino  acids  most  amino  acids  may  be  s^cified  by 
more  than  one  codon. 


Codons  of  mRNA  do  not  directly  recognize  the  amino  acids  that  they 
specify  as  an  enzyme  recognizes  its  ^substrate.  Instead,  small  RNA 
molecules  Icnown  as  transfer  NNAs  (tlQtks),  each  of  which  is  70  to  90 
nucleotides  in  length,  serve  to  recomize  both  an  amino  acid  and  the 
cortesponding  triplet. 


RECOMBINANT  DNA  TECHNOLOGY 

Our  increased  understanding  of  molecular  biology  has  led  to  new 
views  of  genetics  and  all  biology  ani  heralds  the  maturity  of 
recombinant  DNA  technology.  Because  of  recent  developments  in  this 
field,  there  are  now  powerful  and  noirel  approaches  to  understanding 
the  complex  mechanisms  by  which  eucaryotlc  gene  expression  is 
regulated  and  to  the  adoption  of  new  methods  for  determining  protein 
amino  acid  sequences.  The  large  scale  and  economical  commercial 
production  of  proteins—hormones ,  vaicines,  enzymes— has  almost  been 
achieved. 

i 

Recombinant  DNA  technology  relies  on  (1)  the  specific  cleavage  of 
DNA  by  restriction  nucleases,  permitting  the  isolation  of  desired 
sequences  or  genes;  (2)  nucleic  acid  hybridization,  making  it  possible 
to  identify  specific  DNA  or  RNA  sequences;  (3)  DNA  cloning,  in  which  a 
specific  DNA  sequence  is  incorporated  into  a  rapidly  replicating 
genetic  element  (plasmid  or  virus)  sp  that  it  can  be  amplified  in 
bacteria,  yeast,  or -other 
techniques  as  developed  by 
Gilbert  (1977). 


eucaryotes;  and  (4)  DNA  sequencing 
Sanger  et  al.  (1977)  and  by  Maxam  and 


OONFOIMATZOKAL  VARIANTS  OF  DNA:  DOtBLE  HS.ZX  STRaCTORE 


Th«r«  may  b«  a  conslderabla  variation  in  tha  omfomations  adopted 
by  double-helical  polynucleotides  due  to  the  inherent  flexibility 
in  the  pyranose  ring  and  the  degrees  of  freedom  generated  by  six 
rotatable  single  bonds  per  residue  (Record  et  al.,  198lrZubay, 

1983).  Thus  which  has  10  base  pairs  per  v'airn  and  planes  nearly 

perpendicular  to  the  helix  axis,  is  believed  to  be  tlie  major  structiure 
of  ONA  in  solution.  The  A  form,  which  contains  less  water,  has 
approximately  11  bases  per  turn  and  planes  tilted  about  20  degrees 
to  the  helix  axis. 

The  structure  of  tha  recently  observed  Z-ONA  la  strikingly 
different  from  other  DNA  double  helices  with  base  pairing.  It  has 
a  left-han<^d  rather  than  ri^t-handed  twist  and  is  considerably 
allanaer,  containing  12  base  ^irs  per  turn  (Hang  ^  al. ,  1979) . 

Recant  observations  suggest  that  left-handed  helical  DNA  may  exist 
in  apeci  *ic  regions  of  naturally  occurring  DMA  and  that  it  may  play 
a  role  in  regalating  gene  expression. 


SUPEROOILg)  DNA:  TOPOLOGY  OF  DNA  STRANDS  AND  POLIMERASE  ACTION 

In  DNAn  that  are  topologically  constrained  by  Iseing  circular  or 
ccmplexed  to  proteins  so  that  the  ends  of  the  DNA  cannot  rotate 
freely,  either  right-handed  (negative)  or  left-handed  (positive) 
auperct .  ling  or  twisting  of  the  DNA  loop  may  occur.  Tha  more 
extensive  the  supercoiling,  the  more  compact  the  molecule,  making  it 
possible  to  separata  molecules  with  different  degrees  of  coiling  and 
to  study  factors  responsible  for  supercoiling  and  its  relaxation 
(Revet  «t  al. ,  1971).  This  has  led  to  the  discovery  of  several  kinds 
of  enzymes  called  topoisomerases ,  which  can  either  reduce  or  Increase 
the  tightness  of  colling  (winding  number)  of  a  supercoiled  helix 
(Gellert,  1981).  The  enzymes  can  break  and  rejoin  ONA  repeatedly 
without  any  added  energy  supply  or  cofactors,  thereby  apparently 
conserving  the  energy  of  the  DNA  phosphoester  bond. 

Topoisomerases  are  also  believed  to  be  responsible  for  preventing 
the  tangling  of  DMA  during  transcription  of  both  DNA  and  RNA.  Since 
polymerases  act  on  only  one  (the  leading)  of  the  two  DNA  strands,  the 
duplex  must  open,  emd  for  every  10  base  pairs  replicated  at  this  fork, 
the  parental  double  helix  must  make  one  complete  turn  about  Its  axis. 
By  forming  a  svxvel  In  the  helix,  CWA  topoisomerases  circumvent  this 
problem. 

t 

IMPORTANCK  OP  NUCLEIC  ACIDS  BOR  BIOTEChNOLOGY 


Studies  of  nucleic  acids  have  relevance  and  applications  in  many 
different  eureas.  The  key  direct  role  of  nucleic  acids  in  heredity  and 
in  the  synthesis  of  macromolecules,  especially  proteins,  means  that 
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they  arc  pivotal  both  chemically  and  biologically  in  terms  of  the 
basic  aspects  of  call  matabollsm,  growth,  and  replicatian. 

The  recent  rapid  developments  in  genetic  engineering  have  emerged 
from  the  successful  applications  of  knowledge  concerning  fundamental 
aspects  of  nucleic  acid  structure  and  function.  In  particular,  the 
discoveries  of  restriction  endonucleases  and  polynucleotide  ligases 
(Nathans  and  Smith,  1975)  were  key,  but  unpredlcted,  fundamental 
prerequisites  for  all  genetic  engineering.  Basic  knowledge  and 
techniques  from  studies  of  viral  and  bacterial  genetics  were  and 
continue  to  be  equally  important. 

Biosensors 


Related  to  their  informational  role  but  quite  distinct  is  the 
(ipeulflclty  of  nucleic  acids  for  recognition  at  the  molecular  level. 

The  binding  and  the  character  of  the  recognition  are  qualitatively 
different  from  substrate  and  enzyme  or  antigen  and  antibody:  in 
nucleic  acids  the  ooi^lex  involves  a  polymeric  molecule,  one  in  which 
each  of  the  individual  monomers  in  the  strand  contributes  to  and  is 
essential  for  the  binding.  Thus  tBIA  probes,  throu^  which  a  specific 
nucleotide  sequence  (i.e.,  gene)  can  be  detected,  have  considerable 
potential  for  application  in  biosensor  development  (Moseley  ^  al. , 

1980;  Old  and  Primrose,  1981). 

The  study  of  ONA  protain'-apeclflc  interactions  and  their  role  in  \ 

tlie  regulation  of  gene  expression  is  a  fast  moving  area  of  research 
(Takeda  «t  al . ,  1983;  vori  Hippel  ^  el . ,  1983).  These  specific 
macromolecular  interactions,  like  the  ones  between  immunoglobulins  and 
their  substrates,  may  have  applications  in  the  development  of  sensors. 

Blomaterlals 

The  importance  of  nucleic  acids  as  structural  molecules  should  not 
be  overlooked.  These  biopolymers  are, unique  in  many  ways.  Because  of 
the  enormous  length  of  single  molecules  and  their  existence  in  the 
uncoiled  or  partially  uncoiled  state  under  certain  conditions,  the 
physical  properties  of  nucleic  acid  solutions  are  unusual.  Covalent 
bonds  may  be  broken  mechanically  by  sheer  forces  (the  syringe 
effect).  Their  electronic  states  and  luminescence  are  other 
properties  with  potential  for  practical  application  (Callis,  1983). 

The  classic  double  helix  continues  to  provide  an  important  general 
model  for  structural  systems.  ■  Supercoiling  and  the  unusual  enzymes 
associated  with  the  phenomenon  introduce  topological  questions  related 
to  molecular  conformations.  The  committee  expects  that  unusual  and 
potentially  important  blomaterlals  can  be  developed  from  knowledge  of 
these  molecules  or  from,  the  principles  derived  from  knowledge  of  their 
structures. 


i 
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Chapter  4 


F«>TEINS 


Evar  alnca  tha  elucidation  of  tha  doubla  halix  by  Watson  and  Crick 
(1953),  ouch  attantion  in  biology  has  baan  focused  on  the  DHA 
molecule.  Zn  oodarn  cos^utar  terminology,  tha  DMA  nolacula  can  be 
regarded  as  tha  software  of  a  cell  and  tha  protein  as  tha  hardware. 

All  tha  information  necessary  to  make  proteins  is  stored  in  the  DMA 
molecule,  and  the  machinery  necessary  to  carry  out  tha  process  is 
vested  in  the  very  same  proteins. 

Proteins  are  both  chemically  and  functionally  mudi  laore  complicated 
than  DMA.  DMA  is  made  from  four  monomers  that  are  chemically  very 
similar,  whereas  proteins  consist  of  20  moncmers'— the  amino  acids— 
each  with  distinct  chemical  properties.  Lehninger  (1975,  p.  6)  has 
estimated  that  there  are  approximately  10^^  different  protein 
molecules  in  nature.  One  could  make  that  many  entitles  by  using  only 
10  amino  acids,  but  normally  there  are  a  few  hundred  amino  acids  in  a 
peptide  chain.  Thus,  the  nvuaber  of  possible  proteins— 
mu<A  greater  than  the  nvaber  of  atoms  in  the  universe. 

Proteins  have  an  enormous  range  of  functions  in  nature  (Imhninger, 
1975,  p.  64).  To  understand  the  function  of  a  protein  molecule,  it  is 
necessary  to  ]qiow  ^e  three-dimensional  structure  of  the  peptide 
chains.  Customarily,  four  levels  of  protein  structure  organization 
are  distinguished.  The  primary  structure  is  the  amino  acid  Sequence 
in  a  peptide  chain.  The  secondary  structure  encompasses  some  common 
conformational  patterns  recurring  in  many  proteins,  such  as  tha  alpha 
helix  and  beta  sheet.  Tha  tertiary  structure  is  the  complete 
three-dimensional  structure  of  a  peptide  chain.  The  quarternary 
structure  refers  to  the  spatial  organization  between  two  or  more 
peptide  subunitS  in  a  protein. 

It  is  generally  accepted  that  tJie  conformational  folding  of  a 
polypeptide  chain  is  determined  by  its  primary  structure.  The  chain 
taay  fold  into  a  state  with  niinim\im  free  energy,  or  it  may  not,  since 
the  peptide  clsain  folds  fraa  one  end  as  it  is  made.  In  principle, 
then,  if  the  primary  sequence  is  known  it  should  be  possible  to 
predict  the  three-dimensional  structure  of  a  protein  with  em  approach 
relying  only  on  the  speed  of  the  computer,  rather  than  on  insightful 
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analysli.  Th«  following  calculations  daaonstrate  the  magnitude  of  the 
brute  force  approach  needed  to  solve  such  a  problem* 

Although  the  peptide  bonds  are  planar,  two  of  them  can  rotate 
around  each  other  throu^  the  alpha-carbons.  Zf  only  four  positions 
are  available  between  two  adjacent  peptide  bonds,  there  woiild  be 
4200  or  roughly  IC^^  configurations  for  a  peptide  chain  200  amino 
acids  long.  Zf  a  ccnputar  could  evaluate  the  energy  for  one  position  in 
10"^  second,  it  would  evaluate  2  x  10^^  configurations  in  a  year,  and 
the  time  needed  to  evaluate  all  the  configurations  would  exceed  the  age 
of  the  universe.  Zf  special  purpose  analog  computers  could  be  developed, 
or  if  parallel  processing  digital  computers  become  available,  it  is 
conceivable  that  the  time  limitation  could  be  overcome. 

Proteins  constitute  rou^ly  50%  of  the  dry  weight  of  a  cell  and  ara 
intimately  involved  in  all  the  cell's  functions.  Thus,  to  understand 
any  fv\nction  on  a  molecular  level,  it  is  necessary  to  understand  the 
interactions  between  proteins  as  well  as  those  between  proteins  and 
other  molecules.  The  following  general  statements  apply  to  all 
proteins. 

The  ultimate  goal  in  protein  chemistry  is  to  equate  the  structure  of 
a  protein  with  its  function.  At  present,  unfortunately,  the  only  way 
to  obtain  atomic  resolution  of  the  structure  of  a  protein  is  by  x-ray 
diffraction,  which  requires  that  the  protein  be  crystalline.  The 
structures  of  perhaps  200  proteins  have  been  determined  in  this  way 
(Alberts  ^  al^. ,  1983,  p.  113).  Because  of  the  great  chemical 
variability  in  the  ability  of  proteins  to  form  crystals,  the 
characterization  of  their  structure  is  more  art  than  science.  Zt 
requires  patience,  s)cill,  perseverance,  and  money.  Even  with  pure 
crystals,  the  technique  is  difficult  because  of  the  "phase”  problem, 
i.e.,  x-ray  diffraction  measures  only  the  intensities  of  the  diffracted 
rays,  but  not  their  jj^iasas,  which  are  needed  for  determining 
structure.  Zf  x-ray  lasers  are  ever  developed,  it  should  be  possible 
to  measure  phases  with  them. 

To  a  limited  extent,  protein  molecules  can  be  visualized  in  the 
electron  microscope.  Although  the  microscope  has  close  to  atomic 
resolution,  however,  the  contrast  of  the  protein  moleculew  is  not 
sufficient.  A  new  approach  in  which  image  enhancement  it,  used  to  look 
at  electron  diffraction  from  two-dimensional  crystals  offers  some 
promise  (Ozgiris  and  Kornberg,  1983).  Attempts  to  adapt  unconventional 
microscopes,  like  the  field  ion  microscope,  for  this  p'orpose  have  had 
limited  success  (Muller  and  Tsong,  1969,  pp.  289-292;  Pamltz,  1983; 

Panitz  and  Ghlglia,  1982). 

An  elusive  goal  is  to  predict  the  structure  of  a  protein  when  the 
primary  structure  is  known.  Since  the  brute  force  approach  is  clearly 
impossible,  rnich  thou^t  and  experimentation  have  gone  into  trying  to 
understand  some  general  principles  of  polypeptide  folding.  Although 
progress  is  being  made,  no  general  approach  has  been  developed 
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(Richardson,  1981).  A  sacond  complication  is  the  aodam  vl«w  of 
protein  aolacules  as  dynamic  structures  with  several  “breathing 
motions"— structures  that  spend  time  in  a  variety  of  alsdlar 
configurations  (Karplus  and  McCasmton,  1981). 

Throu^  genetic  engineering,  it  is  now  possible  to  create  a  totally 
new  long  chain  polypeptide  or,  on  a  more  modest  scale,  to  make 
systematic  amino  acid  substitutions  in  existing  ^otains.  However, 
because  of  the  enormotis  difficulties  in  predicting  peptide 
conformations,  no  general  a  priori  design  principla  exists,  and 
such  processes  rely  on  trial  and  error.  Kevarthelees,  this  is  a 
very  active  research  area  and  a  necessary  process  to  gain,  more 
understanding  of  protein  folding. 


BZOSEKSORS  AND  BZOMATERZALS 


To  undaratand  many  biological  functions  it  is  necessary  to 
\inderatand  the  interaction  between  molecules,  especially  proteins. 

Such  )cnowledge  is  also  necessary  in  the  development  of  biosensors  or 
biomaterials  or  in  deciding  whether  or  not  such  a  project  is  feasible. 
The  following  discussion  of  the  biochip  provides  an  exasg>le  of  basic 
research  with  a  potential  for  practical  application  but  points  out  the 
difficultios  encountered  in  putting  ideas  into  practice. 

Blochips 

A  unique  feature  of  living  organisms  is  the  self"Organization  of 
.many  complicated  structures,  such  as  large  enzymes  or  viruses.  This 
ability  cannot  bd  matched  by  ordinary  manufacturing  te^nologles, 
primarily  because  protein  molecules  and  other  building  blocks  of  life 
are  small  enough  to  be  transported  by  diffusion  and  are  present 
biologically  in-  small  compartments.  Such  small  stroctures  have  not 
commonly  been  used  by  industry  to  manufacture  comaerclal  products, 
althou^  the  electronics  Industry  is  rapidly  approaching  this  small 
scale.  As  a  result,  there  has  been  speculation  about  the  use  of 
biological  macromolecules  as  blochips— i.e. ,  electrical  circuit 
elements  and  self-assembling  computers.  It  is  important  to  remember, 
however,  that  biological  molecules  are  insulators  ttd  conduct 
electricity  very  poorly,  that  they  are  very  unstable  compared  to 
silicon,  that  proteins  cannot  be  designed  today,  that  life  processes 
are  sluw  because  they  depend  upon  diffusion  rather  than  on  the  speed 
of  light,  and  that  silicon  is  probably  cheaper  than  biological 
macromolecules. 


IMMUNOLOGY 

A  rfasoarch  area  offering  great  premise  in  the  development  of 
biosensors  is  immunology.  Antibodies  are  proteins  aade  by  a  class  of 
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lymi^ocytas,  tha  ao-callad  Bacalls,  In  raaponsa  to  an  invasion  of 
foraign  nattar  Into  tha  bo«3/.  Bacausa  of  tha  prlma  liqportanca  of  tha 
Immina  systam  in  fitting  disaasa,  tha  systaa  has  baan  and  Is  under 
Intense  study,  and  the  humral  (B-call)  part  is  at  least  partially 
understood  (Haissman  at  al. ,  1978,  pp.  41-64).  Xn  huaans  there  are 
five  classes  of  ianune  globulins  of  which  XgG  and  XgN  are  the  most 
cosnon.  Since  antibodies  are  vary  specific  in  their  interactions  with 
antigenic  dateminants,  and  since  they  can  be  made  to  interact  with 
virtually  any  molecule,  this  systam  has  great  promise  as  a  general 
biosensor.  Xn  the  medical  cceaBunity,  Immunology  tests  are  widely 
accepted.  For  example,  all  donated  blood  in  Onitad  States  is  screened 
routinely  for  hepatitis,  and  screening  for  syphilis  is  generally 
required  before  marriage. 

Antibodies  used  In  these  tests  are  normally  obtained  by  injecting 
rabbits  or  goats  with  the  antigen.  Bven  though  the  serum  from  the 
animals  is  pooled,  reproducibility  firom  lot  to  lot  is  clearly 
difficult.  With  the  invention  of  monoclonal  antibodies  by  Kohler  and 
Milstaln  (1975),  this  all  changed.  By  fusing  a  single  B- lymphocyte 
with  a  single  plasma  tumor  cell,  it  is  possible  to  produce  monoclonal 
antibodies  in  tissue  culture.  These  antibodies  can  be  selected  for 
the  desired  specificity  and  affinity  and,  at  least  in  principle,  can 
be  grown  in  large  quantities  (Yelton  and  Scharff,  1981).  This 
invention  has  had  a  very  large  impact  on  research  in  several  areas  of 
biology,  and  the  practical  Impact  on  clinical  inmtunology  will  be  very 
significant.  If  monoclonal  antibodies  can  be  made  sufficiently 
inexpensive,  they  may  even  find  industrial  use,  e.g. ,  in  purifying 
expensive  chemicals. 

The  nsain  problem  in  an  immune  test  is  to  determine  whether  or  not  a 
reaction  ta]cea  place  vhen  an  antibody  is  introduced  into  a  mixture. 
Since  the  outcome  has  great  econcnic  and  medical  consequences,  many 
ingenious  schemes  have  been  invented  for  conducting  these  tests.  One 
of  them~the  use  of  radioactlvely  tagged  molecules— has  been  quite 
successful  comercially  (Hunter,  1973).  However,  many  radio- 
inmunoassays  may  be  replaced  by  tests  in  which  molecules  are  tagged 
with  enzymes,  because  of  the  potential  hazards  of  using  radioactivity 
(a  rather  small  hazard  in  this  case)  (Bla)cs  and  Gould,  1984).  Xn 
addition  to  both  these  rather  sophisticated  tests,  there  are  many 
simple  tests,  such  as  those  based  on  agglutination  (Weir  and  Herbert, 
1973),  on  fluorescence  (Heir  et  al. ,  1973),  or  on  other  optical 
effects  ( Giaever  et  al. ,  1984). 

Several  attempts  have  been  made  to  develop  an  ideal  immunological 
sensor  that  would  transduce  the  immunological  reaction  directly  into 
an  electrical  signal  in  real  time  (Lowe,  1984).  For  example,  it  is 
possible  to  couple  the  reacting  molecules  directly  to  the  gate  of  a 
metal  oxide  semiconducting  field-effect  transistor  (MOSFET)  in  an 
attempt  to  induce  an  immune  reaction  that  will  change  tha  charge  on 
the  surface  of  the  semiconductor  sufficiently  to  produce  a  signal.  To 
date,  however,  no  successful  inununo transistor  has  emerged,  possibly 
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because  its  complex  electrochemistry  precludes  reproducibility 
(Schenck,  1978) . 

MEMBRANE  PROTEINS 

The  stud^  of  membrane  proteins  also  offers  possibilities  for 
the  development  of  biosensors.  The  outside  surface  of  all  living 
organisms  and  most  organelles  is  separated  from  the  interior  by 
amphipathic  lipid  molecules  that  spontaneously  form  bilayers*  or 
membranes*  which  are  regarded  as  a  two-dimensional  liquid.  These 
membranes  contain  important  chemicals  or  molecules  used  by  cells 
to  carry  out  life  processes*  and  serve  as  a  solvent  layer  for  the 
hydrophobic  portion  of  membrane  proteins*  which  are  used  by  the 
cell  to  communicate  with  its  surrounding  environment  and  typically 
constitute  half  the  dry  weight  of  the  membrane. 

Thera  are  many  different  kinds  of  membrane  proteins.  Some  are 
)(nown  to  affect  tjransport*  signaling*  catalysis*  or  other  processes* 
but  the  functions  of  many  others  have  not  yet  been  identified  (Singer 
and  Nicholson*  1972). 

A.  much  studied  membrane  protein  with  potential  application  as  a 
biosensor  is  bacterlorhodopsin.  Because  this  protein  forms  two- 
dimensional  crystals  in  the  halobacteria*  we  )aiow  its  three- 
dimensional  structure  to  a  resolution  of  lOA.  When  bactario- 
rhodopsin  is  activated  by  light*  two  hydrogen  ions  are  transferred 
from  the  inside  to  the  outside  of  the  cell.  Me  also  know  that  the 
molecule  consists  of  seyen  closely  packed  alpha-helices  that  span 
the  membrane,  but  the  detailed  transport  mechahism  for  the  protons 
is  still  a  mystery  (Stockenius  et  al. *  1979).  The  efficiency  with 
which  electromagnetic  radiation  is  converted  to  chemical  energy  is 
approximately  2%.  Although  this  is  not  very  hl^*  it  is  large  enough 
to  be  of  Interest*  certainly  as  a  model  system  for  biosensors. 

The  photoreceptors  of  vertebrates  fall  into  two  classes  t  the  cone 
cells  for  color  vision  and  the  lod  cells  for  monochromatic  vision. 

The  rod  cells  are  the  best  vmderstood:  a  membrane  protein  molecule 
called  rhodopsin  is  responsible  for  transducing  light  into  a  chemical 
signal.  This  molecule  carries  the  same  prosthetic  group  as  bacterio- 
rhodopsin*  but  despite  the  similar  nomenclature,  that  appears  to  be 
their  only  common  feature.  The  mechemism  of  vision  is  not  fully 
understood  and  is  an  extremely  interesting  scientific  topic  (Zurer, 
J983).  However,  because  there  are  several  physical  methods 
tor  detecting  single  photons— an  important  consideration  in  the 
development  of  biosensors — the  photoreceptors  of  animals  are  only 
one  of  many  possible  subjects  of  research  on  the  detection  of  light. 

Several  membrane  proteins  can  transduce  a  chemical  signal  into  an 
electrical  signal.  One  such  protein,  the  acetylcholine  receptor  of 
skeletal  muscle  cells,  is  a  pentamer  with  a  molecular  weight  of 
250,000.  This  protein  forma  a  doughnut-like  structure  or  channel 
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in  the  membrane r  which  ie  generally  called  a  ligand-gated  channel 
because  it  opens  and  closes  when  acetylcholine  binds  to  the  receptor 
(Changeux,  1980).  Such  ligand-gated  channels  are  an  almost  ideal 
mechanism  for  use  as  a  biosensor.  If  v  could  produce  gated  channels 
that  were  sensitive  to  a  specified  ligand,  any  chemical  sigtial  could 
be  converted  to  an  electrical  signal.  But  this  cannot  yet  bo  done. 


SHZYMES 

Enzymes  may  provide  superb  biosensors  and  bicnaterials#  making 
further  study  in  this  area  valuable.  In  living  systems,  virtually  all 
metabolic  reactions  have  an  energy  barrier  that  prevents  their 
spontaneous  occurrence.  Such  barriers  are  overcome  Individually  by 
specific  enzyme  catalysts,  which  also  often  serve  a  regulatory  role.' 
Many  thousands  of  enzymes  are  known,  and  probably  orders  of  ma^itude 
more  are  yet  to  be  identified  and  characterized.  As  biocatalysts, 
enzymes  are  of  central  importance  in  the  biosynthesis  of  biomaterials 
both  in  nature  and  in  the  laboratory. 

Enzymes  also  play  key  roles  in  the  functioning  of  biological 
receptors  vivo.  Eurtl.ermore,  any  enzyne  may  in  pr.^jiciple  be  used  as 
part  of  a  biosensor.  The  capability  of  enzymes  in  this  regard  depends 
on  their  specificity  and  affinity  for  binding  the  relevant  cosipound 
(e.g. ,  substrate  or  coenzyme)  and  also  upon  the  amplification  inherent 
to  a  catalytic  system.  In  practice,  the  ability  to  quantify  the 
reaction  is  also  essential.  This  can  be  achieved  in  different  ways;  by 
the  disappearance  of  substrate,  by  the  appearance  of  a  product  or  heat, 
or,  by  a  conformational  change  in  the  enzyme  (Bergmeyer,  1983). 

The  utilization  of  enzymes  for  the  pro«auctlon  of  biomaterials  and 
for  biosensors  depends  in  large  measure  on  an  underatandlng  of  their 
basic  properties.  Indeed,  specific  perceived  applications  of  an 
e<izyma  or  enzyme  system  may  not  ibe  readily  pursuable  because  of 
inadequate  fundamental  )cnowledge  concerning  the  enzyme.  However, 
studies  concerned  wloh  the  use  of  enzymes  for  the  detection  of 
specific  substances  have  been  considerably  stimulated  by  projected 
applications,  many  of  which  are  already  in  use  in  clinical  assays 
(Kricka  and  Carter,  1982).  In  these  and  other  applications,  enzymes 
are  immobilized  by  attaching  them  to  some  solid  support  or  matrix 
(Klibenov,  1983;  Wienhausen  and  DeUica,  1982).  Such  enzymes  may  have 
greater  stability  than  free  enzymes  and  can  be  more  readily  recovered 
for  reuse~an  important  feature  if  the  enzyme  is  costly.  In  more 
complicated  systems  involving  a  pathway  with  many  sequential  enzyme 
react! one,  all  enzymes  immobilized  together  on  the  same  matrix  are 
remarkably  more  effective  than  horaogeneo  systems— systems  with  all 
participating  species  in  solution— in  Ipjreasing  overall  rates.  A 
reason  for  this  may  be  that  the  product, of  the  first  reaction  is 
closer  to  the  second  enzyme  in  the  pathway,  and  so  on  down  the  line. 
Pathways  with  as  many  as  12  enzymes-  have  been  tested  to  study  this 
phenomenon  (DeLuca  and  Kricka,  1983). 


Tha  stability  of  snzyaes  is  crucial  to  thair  utility  in  various 
applications.  Thor af or a,  basic  knovladgo  concarning  tha  fundaaantal 
chasdstry  and  propartias  ralatad  to  anzyma  (protain)  stability  oust  ba 
aaassad.  Of  isgmrtanca  ara  studias  of  organisas  fron  axtromo 
anvironaants,  such  as  tha  racantly  dascrlbad  organisas  froa  daap-saa 
vants,  vhich  ara  abla  to  surviva  and  grow  at  taaporaturos  wall  abova 
100°C,  and  organisas  that  rasida  in  hot  springs;  Bacauso  tharaal 
stability  la  a  kay  consldaration,  knowlodgo  of  thazaophllic  organisas, 
including  thair  protains  and  anzymes  (and  thair  nuclaic  acids),  should 
ba  of  graat  valua. 


Chaptar  5 


POLYSACCHARXDZS 


Polyaaccharidaa  are  polymers  of  the  large  group  of  compounds  and 
materials  made  up  from  a  relatively  extensive  list  of  monosaccharides, 
which  are  knom  to  consist  of  3-,  4-,  5-,  6-,  or  7-carbon  compounds. 
All  the  higher  sugars  are  related  to  D-glycsraldahyde,  which  In  higher 
sugars  Is  represented  by  the  asymmetric  carbon  atom  most  distant  from 
the  functional  group.  Many  of  the  hydroxyl  groups  may  be  modified  by 
replacing  them  with  asdno  groups  or  by  other  means,  such  as  oxidation 
of  either  terminal  carbon  atom  to  give  uronlc  or  other  acids,  which 
constitute  another  clAss  of  monomers. 

The  earliest  known,  the  largest,  and  the  most  common  groups  of 
polysaccharides  are  cellulose  and  starch  (Asplnall,  1970,  1983).  In 
general,  these  have  been  perceived  as  molecules  having  repetitive 
structures  with  little  varla^on.  Cellulose  Is  a  polyglucose  linked 
at  the  1,4  position  In  the  beta  configuration  at  the  1-carbon  atom, 
whereas  starch  and  all  Its  congeners  are  linked  primarily  at  the  1,4 
positions  at  the  anomerlc  1-carbon  atom,  which  Is  In  the  alpha 
configuration. 

A  listing  of  the  fragments  of  starch,  such  as  amylose,  demonstrates 
the  simple  linear  arrangement  of  both  starch  and  cellulose.  However, 
It  also  shows  the  enormous  possibilities  for  variation  (Brant,  1980> 
Burton  and  Brant,  1983).  Substitution  and  branching  lead  to  an 
enormous  variety  of  structures,  even  greater  than  for  amino  acids  or 
nucleotides. 


IMPORTANCE  OF  POLYSACCHARIDES 

An  important  aspect  of  polysaccharides  is  the  recent  recognition  of 
their  enormous  variety  of  structures— not  only  because  they  consist  of 
more  than  a  dozen  different  monomers  but  also  because  each  monomer  has 
many  points  of  linkage  In  the  polymer — an  effect  not  true  of  either 
nucleic  acids  or  proteins  (Brant,  1980).  Polysaccharides  were 
initially  a  subject  of  interest  because  of  their  ubiquity  as  the  major 
structural  material  of  plants  and  a  major  energy-storing  material  of 
both  plants  and  animals.  It  is  now  becoming  apparent,  however,  that 
polysaccharides  have  many  more  functions  than  those  two  simple  ones 


(McNall  et  al . ,  1984).  Th«  atructural  varlaty  of  the  polyMCcharldee 
found  on  the  surfaces  of  calls  nay  help  cells  recognize  each  other 
with  high  specificity.  This  suggests  the  potential  Importance  of 
polysaccharides  in  the  dovelopn^nt  of  biosensors  and  blcnatarlals.  In 
fact,  at  least  one  such  biosensor  has  already  been  describad  (Mansouri 
and  Schultz,  1984). 

Furthermore,  highly  valuable  products  nay  hm  derived  from 
polysaccharides  at  specific  points.  This  could  lead  to  the  development 
of  critical  industrial  materials,  such  as  thickening  agents,  gels,  and 
a  variety  of  adhesives  (Sandford  and  Baird,  1983). 


SPSCiriCITY  OF  POLYSACCHARIDES 

Polysaccharides  have  long  been  known  to  be  the  determinants  of  the 
blood  group  characteristics  A,  B,  0,  and  Bh  (see  Asplnall,  1970).  The 
cell  surface  polysaccharides  are  now  knam  to  be  specific  to  all  kinds 
of  animal  cells  as  well  as  bacteria  (Asplnall,  1983).  Some  bacterial 
polysaccharides  can  be  prepared  In  large  aiaounts  and  can  be  used  as 
blomatarials.  Mansouri  and  Schultz  (1984)  have  described  the  use  of 
the  specificity  of  a  particular  polysaccharide  In  the  development  of 
a  biosensor.  In  their  example,  the  recognition  of  glucose  and  Its 
polysaccharide  dextran  by  the  glycoprotein  concanavalln  A  has  been  used 
to  devise  a  microsensor  for  tite  continuous  determination  of  glucose  In 
a  complex  mixture  by  optical  measuraBent.  This  generic  device  could  be 
adapted  to  the  detemilnatlon  of  any  naterlal  for  which  a  specifically 
binding  polysaccharide  recepcor  could  be  found  or  made. 


POLYSACCHARIDES  AS  BIOMATgRIALS  AND  BIOSENSORS 

Many  polysaccharides,  both  natural  and  modified,  have  been  applied 
in  a  variety  of  industries  (Sandford  and  Baird,  1983).  Their 
adaptability  Is  due  not  only  to  the  enormous  variety  of  their 
structures . and  properties  but  also  to  their  amenability  to 
modifications.  Table  S-1  lists  some  of  these  appJlcaUons,  with 
emphasis  on  microbial  polysaccharides  (Sandford  et  al.,  1984). 

The  specific  nature  of  each  application  depends  markedly  upon  the 
properties  given  to  the  polysaccharide  by  its  structure,  which  is  not 
kncxra  in  all  cases.  In  general,  properties  of  polysaccharides  are 
those  of  the  macromolecules  that  can  interact  with  the  solvent  and 
with  other  materials  that  they  contact,  thus  conferring  stabilizing, 
thickening,  and  adhesive  properties  and  other  characteristics  (Sandford 
and  Baird,  1983). 


PROBLDMS  AND  OPPORTUNITIES 

Clearly,  the  major  need  in  the  further  develoonent  of  polysac¬ 
charides  as  biosensors,  tlomaterials,  or  any  other  use  is  a  detailed 


Tabla  S-1.  So—  *pplle«tlon«  Pelyaeeharld** 

Applications  Polysaediaridas  Propartlas 


adhssivs  (also  saa  Paper) 
Latax 

Tila  aortars  (esaant) 
WaUpapar 


Agrlcoltura 

riowabla  paatieidas 

Iiiquid  fartilisars 
Liquid  faad  supplanants 

Caraaie,  Wafraetorlaa, 
WaXdinq  Rods 

Claanars,  Pollshas 


Oatarqanta 


Exploalvaa 

taaonlua  nltrata 
slurrlaa 
Paclcaqa  qals 


rira-riqhtlng 


Ink  (riaxo,  Gravura,  Jat) 
Lithography 

Matal-worklng 

Rafractory  coatings 

Mining  (Haavy  Madia 
Saparation ) 

Oil  yields 

Drilling  mids 

Enhanced  oil  recovery 
by  polymer  flooding 
Desiccators 
Hydraulic  fracturing 


Acidizing 


Callulosa  darivatlvas 
Methyl  ealluloaa 
Alqla,  starch,  aodlfiad 
starch 


Zaathan  qua 

Xanthan  gua 
Xanthan  gam,  guar  gum 

Algin 

Xanthan  gum 
Xanthan  gum 


Carboxynathyl  callulosa 


Guar  gum,  hydroxypro^'l 
guar  gum,  xanthan  gum 

Ouar  gum,  hydroxypropyl 
guar  gum,  xanthan  gum 

Qoar  gum,  guar 
darivatlvas, 
xanthan  gum 

Gum  arable 


Gum  arable 

Xanthan  g«a,  starch, 
guar  gum 


Xanthan  gum,  cellulose 
ethers 
Xanthan  gum 

CMC 

Hydroxypropyl  guar  c'sb, 
hydroxyethyl  cellulose, 
xanthan  gua,  carboxy- 
nethyl  cellulose 
Xanthan  gum 


Vlscoalty 

^groacopiclty,  vlscoalty 
Thickening  ability 


Suapansion-drlft 

control 

Colloldallty 

Colloldallty 

Slipper Inesa 
Colloldallty 

Abraalvanaas,  colloldallty, 
acid  and  baaa  stability  . 

Emulsifying,  watting, 
cleaning  ability, 
colloldallty 


Hater  raslstanCa 

Calcium  nitrate 
compatibility 

roam  atablllsation 
ignition  retardation 


Viacosity 


Colloldallty 


Vlscoalty,  colloldallty 

Viscosity 

Hygroscopi  city 

Colloldallty,  hygroscopiclty , 
Vicos ity  reduction  by 
chemicals  and  enzymes, 
cross-linking  ability 
Colloldallty,  stability 
In  the  presence  of 
strong  acids  at  elevated 
temperatures 


Colloldallty 
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T«bl*  5-1.  Continmd 


ApplleatiOM 

tmini 

CooHMrcial  Iat«x, 
MlatwMuo*  coatlnga, 
InductrlaX  eoxtings 

Coatings 

Sizing  sgants 

Partiels  board, 
corrugatad  board 

Photography 

Polyaarization 
Aiulaion 
Suspanaion  agsnt 

Boca  Daodorant  Cals 

Taxtilaa 

W<  -  p  sizing 

Printing  end  dying 
(ratards  dy« 
disparaion) 

Plgaant  printing 


<7at  printing 


Fabric  finish 


Polysaeebaridas 


Hydroxyathyl  callulosa 
and  aathyl  callulosa 
(aicrobial  biopolyaara) 


Algin,  earboxyaathyl 
callulosa 

Starch,  aodifiad  starch, 
algin 

Starch,  aodifiad  starch, 
algin 

Sodiua  callulosa  sulfata 


l^droxyathyl  callulosa 
Xanthan  gua 

Carragaanan 


Starch,  aodifiad  starch, 

0(C 

Algin 


Modifiad  starch,  hydroxy¬ 
athyl  callulosa,  aathyl 
callulosa,  hydroxy- 
propyl  guar  giaa,  guar, 
locust  baan  gua 
Modifiad  starch,  hydroxy¬ 
athyl  callulosa,  aathyl 
callulosa,  hydroxy- 
propyl  guar  gun,  guar, 
locust  baan  gua 
Callulosa 


Propartias 


Viscosity,  eolloidality 


Viscosity 

Fila-f oraation , 
hygroscopicity 
Glus  axLandar 


Antistatic  coating 
axtandar 


Protaetiva  eolloidality 
eolloidality 

Gal  stabilizar 


Filn-foralng 

ability 

Viscosity 


Viscosity,  binding 
coapatabllity 


Viscosity 


Flbar  substantivlty 
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knotrl*dg«  of  th«lr  structuro,  which  is  nuch  more  complex  in  principle 
than  that  of  the  other  two  biopol^ers  (proteins  and  nucleic  acids)* 

This  complexity  is  attrihutable  primarily  to  the  ooltifunctional 
character  of  the  monomers  that  constitute  the  polysaccharides  and  the 
ease  with  which  those  functions  can  be  modified,  as  well  as  to  the 
variety  of  ways  in  which  the  polymer  can  be  constructed  because  of  the 
multiftiTictlonal  character  of  the  monomer.  However,  the  first  principal 
requirement  is  a  detailed  Icnowledge  of  the  fine  structure  of  the  polymer 
itself,  not  merely  the  nature  of  the  monomers  of  which  it  is  constructed, 
their  derivatives,  and  the  modes  hy  which  they  are  linked  together. 

The  determination  of  this  structure  has  been  made  possible  only 
through  technical  innovations  that  have  become  available  in  the  last 
decade  or  so.  The  first  of  these  technologies  involves  the  new  physical 
methods  for  examining  the  structure  of  large  molecules.  These  Include 
nuclear  magnetic  resonance  (NMR),  both  proton  and  carbon  spectroscopy  in 
all  their  forms,  such  as  Fourier  transform  spectroscopy,  time-resolved 
spectroscopy,  and  decoupling  technology  for  different  nuclei.  The  second 
technology,  also  applicable  to  polymers  as  a  whole,  is  high-resolution 
Fourier  transform  infrared  spectroscopy,  idiich  provides  information  not 
only  on  the  nature  of  the  monomers  that  are  present  but  also,  in  some 
cases,  on  the  secondary  and  tertiary  structure  as  well.  The  third  is 
circular  dichroism  and  magnetic  circular  dichroism  as  additional 
techniques  for  structure  determination  as  well  as  mass  spectroscopy  of 
the  original  polysaccharide,  its  derivatives,  and  its  pyrolysis  products. 

Following  examination  of  the  intact  polymers  by  the  methods  just 
described,  it  is  expected  that  the  polymers  will  be  fragnented  in  as 
specific  a  manner  as  possible.  .  The  generally  hydrolytic  breakdown  of  the 
polymer  into  random  fragnents  has  been  and  still  is  an  iiqportant 
technique,  but  better  yet  will  be  the  development  of  specific  methods  for 
breaking  the  polymer  at  specific  points  in  its  structure,  whether  it  be  a 
linear  structure  or  a  branching  point.  If  such  a  purely  synthetic 
chemical  means  can  be  developed,  other  th^m  the  randomly  discovered 
enzymes  that  migtit  break  the  polymer  at  some  specific  point  selected  by 
the  researcher,  it  would  be  on  enormous  step  forward.  Such  methods  are 
beginning  to  appear  in  this  field  as  well  as  in  others,  and  further 
development  will  probably  be  forthcoming  as  the  needs  become  more 
apparent. 

Once  the  unmodlfed  polymer  has  been  broken  into  smaller  fragnents, 
idilch  are  more  amenable  to  detailed  structure  determination  by  physical 
and  chemical  methods  and  derlvatization  followed  by  physical  and  chemical 
examination,  detailed  linear  and  branching  structure  can  ultimately  be 
determined.  The  development  of  new  methods  for  determining  structure 
would  represent  significant  progress  in  the  use  of  polysaccharides  in 
both  biosensors  emd  biomaterials  because  they  are  enormously  complex. 
There  is  also  a  need  to  know  much  more  about  the  detailed  three- 
dimensional  structure' of  polysaccharide  molecules,  as  well  as  their 
fiber  and  film  structures,  before  we  can  make  use  of  them  in  ways  that 
have  been  suggested  and  perhaps  others  that  have  not  yet  been  imagined. 
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Thua,  th«r«  is  an  opportunity  to  devalop  naw  Instrumantatlon  and  naw 
taehnologlaa  for  datanainfng  tha  atructura  of  polyaaocharidaa •  Thla 
ahould  raault  in  a  battar  undaratanding  of  nany  dayalopmental  problama  In 
biology  that  hava  thalr  origin  In  call  racogiitlon  and  laud  to  tha 
davalopoant  of  bloaanaora  and  bloaatarlala  baaad  on  tha  aaoa  prlnclplea. 
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Chaptar  6 
SYMTHErZC  ANALOGS 


Holeculea  darivad  fron  living  sourcaa  hava  spaclal  propertlaa  and 
parfora  vary  spaclflc  functions  In  tha  biological  organisms  from  which 
they  ara  obtained.  As  modem  analytical  capabilities  hava  Increased, 
many  of  these  properties  have  been  explained  by  laws  of  chemistry  and 
physics.  A  long-standing  goal  of  chomists  has  been  the  duplication  of 
properties  and  functions  of  complex  molseulas  derived  from  living, 
systems— biomolecules— throu^  syiithuals.  Hence,  tha  field  of  synthetic 
analogs  and  systems  has  been  an  integral  part  of  organic  chemistry  for 
decades. 

Among  the  terms  used  at  various  times  to  describe  these  endeavors  and 
products  are  biomimetlc  chemistry  (Breslow,  1972),  bloorganlc  chemistry, 
synthetic  enzymes,  synzymes,  host-guest  chemistry  (Cram  and  Cram,  1978), 
and  artificial  biocatalysts.  To  date,  most  studies  on  synthetic  analogs 
have  dealt  with  enzymes  (Breslow,  1979,  1982»  Maugh,  19e4a,br  Rebe)c, 
1984);  others  have  focused  on  hormones  (Kaiser  and  Kezdy,  1984), 
artificial  membranes  (Alzawa,  1985;  Pusch  and  Welch,  1982),  and 
photoconversion  systems  (Bolton,  1983;  Calvin,  1983). 

Thera  are  aeveral  major  reasons  for  preparing  and  using  synthetic 
analogs  instead  of  their  biological  counterparts;  their  stability;  ease 
of  synthesis;  Isolation  and  purification;  modification  and 
derlvltlzatlon;  their  specific  activity;  their  role  In  fundamental 
research;  and  their  potential  for  using  different  reaction  pathways. 

e  Stability.  Synthetic  molecules  or  systems  may  be  designed  to 
have  greater  stability  than  biomolecules  during  operation  or  singly 
in  storage.  Desirable  qualities  include  stability  at  extremes  of 
temperature  and  pH,  in  organic  solvents,  in  solvents  of  high  ionic 
strength,  and  in  oxidizing  media.  Although  biological  molecules  operate 
predominantly  in  an  aqueous  environment  and  at  ambient  temperatures,  most 
traditional  organic  chemistry  has  been  conducted  in  nonaqueous  solvent 
systems. 

e  Ease  of  synthesis.  Small  synthetic  analogs  and-  systems  are  often 
easier  to  synthesize  on  a  large  scale  than  are  their  larger  biologically 


produced  counterparts.  Consequently  the  advances  la  solid-^hase  peptide 
and  oligonucleotide  syntheses  favor  the  preparation  of  these  ccmpounds  by 
traditional  approaches.  Our  knowledge  of  con^lex  biological  systems,  and 
thufc'  our  ability  to  construct  the  desired  analogs,  is  less.  This  hinders 
our  ability  to  use  classical  organic  chemistry.  Xn  this  case,  hybrid 
synthe8es''~u8ing  biological  as  well  as  synthetic  chemi  cal  techniques—are 
preferred.  For  example,  cyclodextrin  molecules  used  as  model  enzymes  can 
be  prod-iced  by  either  microbial  or  enzymatic  means.  The  basic  molecule 
is  synthesized  more  easily  by  biological  thiui  by  chemical  means;  however, 
once  the  molecule  has  been  synthesized,  chemical  modifications  are  almost 
routine. 

With  the  advent  of  recombinant  ONA  technology,  large  scale  synthesis 
of  proteins  and  enzymes  became  easier,  and  many  previously  unobtainable 
proteins  and  hormone  peptides  have  been  produced  in  gram  quantities 
through  genetic  engineering.  However,,  the  current  capabilities  in 
genet..c  engineering  rely  to  a  large  extent  6n  chemical  synthesis 
technology ~~namely,  sequencing  and  synthesis  of  nucleic  acids.  The  pure 
chemical  synthesis  of  a  few  enzymes  <md  genes  was  achieved  mors  than  a 
decade  ago. 

e  Isolation  and  purification.  Once  the  desired  compound  is  produced 
either  chemically  or  biologically,  it  must  be  isolated  and  purified. 

Here  again,  synthetic  systems  have  decided  advantages  over  biological 
ones  in  that  the  production  process  can  be-  designed  to  achieve  maximum 
yield  with  appropriate  isolations  being  chosen  frcm  several  options. 
Isolation  of  the  desired  compound  from  the  milieu  of  hundreds  of  other 
compounds  can  be  troublesome  and  extremely  costly.  Even  with  recombinant 
DHA-produced  insulin,  •downstream  processing*  ii  the  major  coat 
associated  with  the  process. 

e  Modification  and  da rivati ration.  Well-designed  synthetic  analogs 
can  be  further  modified  to  produce  a  range  of  ccmpounds;  with  a  variety  of 
properties.  Of  course,  some  resulting  features  may  be  unexpected,  and 
the  modified  ainalog  could  be  even  more  effective  than  initially 
envisioned.  ,  Moreover,  because  synthetic  analogs  are  more  stable  and 
their  molecular  weights  are  usually  lower  than  those  of  their  biological 
counterparts,  it  may  be  possible  to  use  them  in  the  development  of  drug 
delivery  systems  that  are  far  more  effective  than  those  derived  from 
biological  molecules. 

e  Specific  activity.  Large  macrcmolecules  of  biological  origin  may 
perform  their  function  well,  but  since  only  a  small  part  of  the  molecule 
exerts  the  desired  effect,  large  quantities  may  be  needed.  For  example, 
the  catalytic  site  on  enzymes  is  usually  only  a  small  part  of  the  total 
molecule.  Thus,  a  large  portion  of  an  enzyme  la  not  involved  in 
catalysis,  but  is  devoted  to  other  functions  such  as  binding  to  membranes 
and  preventing  the  de'-^adatlon  of  the  molecule  by  other  enzymes. 
Nevertheless,  on  a  weight  basis,  small  synthetic  analogs  couxd  have  a 
higher  specific  activity  them  large  biological  molecules. 
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o  Hola  in  fundammtal  r—«areh«  Jin  isq^rtant  but  oft«n  unappruciatad 
rola  of  synthetic  analogs  and  systena  is  their  use  in  obtaining 
fundaaental  knowledge  about  ehanistry  and  life  processes*  With  synthetic 
analogs,  individual  steps  in  cenplex  reactions  can  be  Isolated,  fine 
details  of  kinetic  and  structural  features  can  be  exasdned,  and  in 
general  a  greater  understanding  of  biological  systems  can  be  achieved* 

o  Different  reaction  pathways*  In  addition  to  duplicating  exact 
Chemical  roactions  in  biological  counterparts,  synthetic  analogs  could  be 
designed  to  produce  the  same  desired  product  through  a  different  reaction 
pathway*  Hence,  synthetic  analogs  not  only  mislc  biological  reactions 
but  they  adght  be  used  to  achieve  synthesis  under  different  operating 
conditions* 


CDHREIfr  RESEARCH 


For  the  past  three  decades,  research  on  synthetic  analogs  has  been 
focused  on  enxysMtic  catalysis,  that  is,  biocatalysis*  Despite  recent 
advances,  it  is  still  largely  an  osplrical  sclencs,  and  the  daslgn  of 
effective  catalysts  and  synthetic  analogs  continues  to  be  an  important 
and  somewhat  elusive  goal.  The  achievMent  of  binding  and  rata 
acceleration  are  key  indicators  of  success*  Yet  even  when  high  rate 
accelerations  and  rate  constants  close  to  those  of  natural  enzymes  are 
attained,  selectivity  may  be  jpoor*  On  the  '>ther  hand,  selectivity  may  be 
hi^  but  rate  acceleration  may  not  be  great*  Zt  is  also  important  to  be 
sura  that  increased  rates  of  reaction  are  due  to  true  catalytic  turnover 
on  the  part  of  the  mimic  rather  than  merely  to  its  role  in  transformation* 

Interest  in  the  properties  and  production  of  enzymes  and  proteins 
altered  by  site-specific  mutagenesis  is  called  protein  engineering 
(Ulmer,  1983).  Several  additional  approaches  to  the  preparation  of 
enzyme  analogs  are  discussed  below* 

Breslow  (1979,  1982)  has  developed  synthetic  analogs  based  on 
cavity-forming  sugar  molecules  called  cyclodextrins*  The  substances  are 
modified  chemically  in  a  variety  of  ways  to  give  analogs  that  mimic  a 
variety  of  natural  catalysts.  Cyclodaxtrlns  are  composed  of  six  to  eight 
glucose  residues  that  have  hydrophobic  interiors  and  hydrophilic 
exteriors.  Thus,  the  cyclodaxtrlns  have  the  ability  to  extract  small 
organic  molecules  from  a  water  solution  and  bind  them  into  cavities. 

This  is  similar  to  the  ability  of  enzymes  to  bind  substrates  into  their 
interior  cavities. 

Cyclodextrin  binding  is  selective  for  molecules  with  a  specific 
shape.  Several  chemical  transformations  have  been  examined,'  and 
enzyme-like  behavior  has  been  observed.  FOr  example,  a  cyclo¬ 
dextrin-based  analog,  bisimidazole  compound  1,  has  two  catalytic 
imidazole  groups  that  imitate  the  enzyme  ribonuclease  in  hydrolyzing 
phosphate  ester  bonds  (see  Figure  6-1).  The  binding  site  in  compound  1 
in  the  figure  is  not  well  suited  for  binding  the  macromolecule  RHA.  In 
the  presence  of  the  analog,  substrate  2  is  hydrolyzed  selectively  only 
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Kgura  6-1.  Tba  aaquano*  by  whldi  rlbonuclaai*  hydrolysas  RKH  (top). 

Compound  1  la  a  cyclodaxtrin  blalmidazola  artificial 
anryna  that  catalyzaa  tha  bydrolyala  of  aubatrata  2  by  an 
anzyma-lDca  maehanlam.  Ondar  alalia  hydrolysis »  2  ylalda 
a  alxtura  of  3  and  4.  From  Braslaa,  1982r  with  paxmlaalon 
from  Sclanea. 


tha  praaanca  of  tha  analog,  substrata  2  is  hydrolysad  salactlTSly  only 
to  compoxmd  3— not  to  tha  Isomarle  alxtura  of  3  and  4.  which  is  achlavad 
undar  chaadcal  hydrolysis.  Salactivlty  In  this  easa  is  aehlavsd  by  tha 
gaoaatry  of  tha  catalyst-substrata  complax.  Compound  1  aialcs  tha 
sacond  stap  in  tha  raactlon  of  rlbonuclaasa  with  RMh. 

Compounds  that  produca  anoraous  rata  Incraasas  la  raaetlons  hava  baan 
synthaslzad.  Tha  most  striking  rata  accalarations  luva  occurrad  with 
substratss  basad  on  a  farrocana  nuclaus  that  fits  bata-  cyclodaxtrin 
Wall  and  la  strongly  bound  into  the  cavity  (Broslow,  1979,  1982).  Tha 
attack  by  a  hydroxyl  group  within  tha  complax  was  750,000  tlmas  as  fast, 
as  a  slapla  attack  by  a  solvent  under  tha  saua  conditions.  Zn  another 
axaaple,  rates  increased  6  million  tiows  with  one  of  tha  two  mirror-  , 
image  isomars  of  tha  substrata  in  the  ratio  of  65  to  1.  The  reaction 
MS  parforaad  in  a  mixed  organic-water  solvent. 

Another  approach  being  advanced  principally  by  Cram  and  colleagues 
depends  on  totally  synthetic  compounds  called  crown  ethers  or  "chorands,” 
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i^ch  have  interior  dimensions  IJJce  those  of  natiiral  proteins*  In 
addition  to  chorands,  which  can  fold  like  sacks  to  fill  their  own 
cavities,  there  are  molecules  called  cryptands,  idiose  partA  can  rotate 
to  fill  their  own  cavities,  and  spherands,  which  contain  spherical 
cavities  lined  with  unshared  electron  pairs  (Cram  and  Cram,  1978 j 
Metzger,  1983)  (Figure  6-2).  The  general  term  cavitands  applies  to 
organic  molecules  deliberately  constructed  to  contain  cavities  of 
varying  sizes  and  depths.  In  a  recent  review  of  supremolecular 
chemistry,  l.e.,  the  study  of  structures  and  functions  of 
supermolecules  that  result  frcm  binding  substrates  to  molecular  . 
receptors,  Lehn  (1985)  provides  further  examples  of  directed 
coordination  phenomena  that  affect  molecular  recognition,  catalysis, 
and  transport.  These  include  tetrahedral  recognition  by  macro- 
tricyollc  cryptands,  anion  receptor  molecules,  macrocycllc  receptors 
for  asmionium  ions,  matalloreceptors,  and  supreuaolecular  catalysts. 

It  is  also  useful  to  modi^  the  properties  and  hence  function  of 
enzymes  through  chemical  means.  One  example  is  the  work  of  Kaiser  and 
his  colleagues  (Slama  et  al.,  1984),  who  transformed  the  proteolytic 
enzyme  papain  into  an  oxidoraductasa  by  attaching  a  synthetic  flavin 
to  it.  The  new  samisynthatic  enzyme  accelerates  the  rate  of  oxidation 
of  dihydronicotinamides  two  to  three  orders  of  magnitude  over  the  rate 
of  nonenzymatic  oxidations. 

Another  recant  exaspla  is  the  work  of  Saraswathi  and  Keyes  (1984), 
<rtio  modified  bovine  pancreatic  ribonuclease  by  exposing  it  to 
acidic  conditions  in  the  presence  of  indole  propionic  acid  and  the 
crosslinking  agent  glutaraldehyde.  The  new  enzyme  thus  generated, 
an  acid  esterase,  exhibited  esterase  activity  %d.th  a  number  of  common 
eater  substrates,  vrtieraaa  no  esterase  activity  was  detected  in  the 
nat\aral  enzyme.  The  new  esterase  possessed  a  broad  specificity,  but 
there  was  a  preference  for  amino  acids  containing  an  aromatic  group. 
This  approach  has  also  been  used  by  the  same  investigators  to 
prepare  other  semisynthetic  enzymes,  including  beta-glucosidase 
from  alpha-amylase,  an  esterase. frcm  bovine  serum  albumin,  and  an 
,  alpha-chymotrypsin-llke  catalyst  from  trypsin. 

Snzymes  with  new  properties  can  also  be  created  by  site-specific 
nodi fi cation— em  approach  pioneered  nearly  20  yeacrs  a^.  The  dramatic 
modification  was  the  alteration  of  a  serine  residue  at  the  active  site 
of  the  proteolytic  enzyme  subtilisin  to  produce  a  sulfhydryl  group. 

The  resultant  thiol  subtilisin,  in  which  sulfur  replaced  the  oxygen, 
did  not  possess  proteinase  activity  and  was  reactive  with  only  very 
activated  substrates  such  as  £-nitrophenyl  esters  (Maugh,  1984b). 
Recombinant  DNA  techniques  introduced  very  recently  modify  proteins 
and  enzymes  at  specific  sites  in  the  hope  of  modifying  their 
properties— the  so-called  site— directed  mutagenesis  approach  (Maugh, 
1984b).  In  one  technique,  the  gene  that  codes  for  the  protein  is 
cloned  and  incorporated  into  a  suitable  carrier  such  as  a  plasmid  or 
bacteriophage.  Then,  an  oligodeoxj’nucleotide  primer  containing  15  to 
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Figure  6-2.  Chorande  (1),  like  sacks,  can  fold  to  fill  their  own 

cavities.  The  different  parts  of  cryptanda  (2)  can  rotat 
to  fill  their  own  cavities.  Spherands  (3)  contain 
cavities  lined  with  unshared  electron  pairs. 
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20  nucl«otldes  Im  synth«slz«d  with  the  desired  nutation,  typically  a 
change  of  only  one  deoxynucleotide ,  The  seqtience  retains  sufficient 
hosBology  for  hybridization  with  the  host  ONA,  and  DNA  polymerases  then 
use  the  primer  to  synthesize  a  coB^leaentary  copy  of  the  plasmid  or 
vector.  The  copy  is  separated  from  the  original  and  is  used  to 
control  the  production  of  the  mutant  in  an  appropriate  host. 

An  alternative  methodology  involves  the  enzymatic  removal  of  a 
se^aent  of  the  cloned  natural  gene  containing  the  site  where 
mutagenesis  is  desired  and  replacement  with  a  segment  containing  the 
desired  change,  yersht  et  al.  (1985)  used  this  site-specific 
mutagenesis  approach  in  investigating  the  reaction  kinetics  of 
tyrosyl-tRMA  syntlietase. 

Protein  engineering  and  site-specific  mutagenesis  offer  a  more 
rational  approach  to  producing  superior  enzymes  and  proteins. 

However,  no  synthetic  analogs  of  enzymes  or  modified  enzymes  are  being 
used  comeercially  at  present. 


RELEVANCg  TO  BI0SEIC0R3  AHD  BIOMATgRIALS 

Although  synthetic  analogs  and  systems,  especially  synthetic 
enzymes,  may  not  possess  all  the  desired  pro^rties  of  their  natural 
counterparts,  their  potenti^d.  use  in  sensing  devices  emd  biomaterials 
is  very  appealing.  Especially  ddslrable  features  of  synthetic  analogs 
would  be  enhanced  stability  at  higher  temperatures  and  in  extreme 
environments,  their  superior  ability  to  be  fabricated  into  devices 
due  to  a  hi^er  net  effective  concentration  of  active  species,  and 
the  relative  ease  with  which  they  can  be  synthesized. 

The  use  of  synthetic  analogs  as  biosensors  is  limited  by  their  low 
selectivity  or  affinity  for  the  counter  molecule  of  interest.  This 
may  be  ameliorated  by  the  results  of  current  efforts  to  design  new 
host  molecules  and  synthetic  enzymes  with  superior  properties. 

Many  novel  uses  of  biomaterials  can  be  contemplated.  For  example, 
s^vithetic  analogs  of  enzymes  such  as  cyclodextrins  may  be  useful  in 
industrial  separation  processes  (Wernlck  and  Scypinski,  1984).  Zn 
addition,  there  is  a  wide  arfay  of  possible  uses  for  special 
materials,  ranging  from  pharmaceuticals  to  polymers  with  unusual 
properties. 

The  semiconductor  industry  has  very  successfully  reduced  the  size  ■ 
of  circuit  elements  to  the  extent  that  a  transistor  is  not  much  larger 
than  a  blamolecule.  Many  attempts  have  been  made  to  couple  the 
intograted  circuit  technology  directly  to  some  form  of  a  biosensor, 
but  without  much  success.  This  work  is  very  prunising  for  synthetic 
analogs,  however,  since  bioraoleciiles  generally  lack  the  stability  for 
industrial  use.  Several  polymers  such  as  polypyrrole  can  be  switched 
repeatedly  from  a  conductive  state  to  an  insulating  state  by  oxidation 
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and  raductlon  and  in  prlncipla  offer  prooiaa  aa  biooenaora.  Becauae 
auch  devlcea  depend  on  chemical  reactlonar  the  reaponae  tine  will  be 
limited  by  diffviaion,  and  much  can  be  gained  froa  making  the  device 
phyaically  amall  by  borrowing  technology  from  the  aemiconductor 
induatry  (White  et  al.,  1984). 


Zon-aelective  membranea  or  electrodea  are  alao  often  tiaed.  These 
allow  electrical  measurement  of  the  product  or  substrate  froa  a  nearp; 
immobilized  enzyme.  A  few  sensors  of  this  type  have  reached  the 
coomercial  market  (Lowe,  1984). 
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Chapter  7 

HOLISTIC  FCNCTIONS  OF  MARINS  ORSANISMS 


Marine  and  estuarine  environments  are  characterized  by  their 

temperature,  buoyancy,  nutrient  concentrations,  dissolved 
oxygen,  turbidity,  and  hydro.' tic  pressure.  The  biota  of  the  oceans 
■ust  therefore  adapt  to  the  diverse  conditions  of  their  environment, 
«dilch  may  often  be  rigorous,  Zn  some  Instances,  marine  organisms  may 
have  special  adaptations,  such  as  In  symbloses  (Cavanaugh,  1983; 
Cavanaugh  ^  al, ,  1981;  Felbeck,  1981,  1983);  adherance  to  surfaces, 
which  occurs,  for  exanple,  in  blofoullng  and  In  communication;  and 
chemosensory  signal  transduction  (Goulboume  and  Greenberg,  1981, 
1983a, b;  Katharlou  and  Greenberg,  1983),  Kxploration  of  the  genetic 
bases  for  these  adaptations,  as  well  as  detailed  Investigation  of  the 
phenomena  themselves,  nay  prove  to  be  of  great  value  for 
biotechnology,  if  novel  proteins,  carbohydrates,  and  nucleic  acid 
structures  are  fotmd.  Organisms  living  near  or  In  hydrothermal  vents 
probably  have  thermostable  or  thermophilic  enzymes  (Baross  and  Oemlng, 
1983;  Baross  et  al,,  1982,  1984;  Darning,  1984),  which  nay  be  one 
example  of  a  nrvel  system. 

Marine  biology  has  not  been  the'  focus  of  intensive  research  support 
as  have,  for  example,  the  health-related  fields  or  elementary  particle 
physics.  As  a  consequence,  it  remains  a  largely  descriptive  science. 
However,  recent  discoveries  and  technological  advances  provide  unique 
opportunities  for  studying  the  marine  environment.  The  potential  for 
basic  research  in  this  area  by  the  Navy  should  lead  to  developments  In 
marine  biotechnology  of  valde  la  naval  applications  (Colwell,  1983), 

Of  particular  promise  is  research  in  deep-sea  biology,  the 
archaeobacteria,  marine  plasmids,  marine  fishes,  marine  plants,  and 
blofoullng. 


DEEP-SEA  BIOLOGY 


The  Challenger  Expedition  of  1873-1876  is  often  credited  as  the 
beginning  of  deep-sea  biology.  Since  that  time  interest  and  activity 
in  Carina  biology'  have  grown.  .The  finding  of  live  specimens  at  great 
depths  negated  the  azole  zone  theory  that  no  life  existed  below  600 
which  was  suggested  in  about  1840  by  Edward  Forbes,  a  British  expert 


in  oceanography.  During  the  ensuing  years,  living  organisms, 
including  bacteria,  animals,  and  other  life  forms,  have  been 
recovered  from  ocean  depths  greater  than  1,000  a.  Recently, 
barophilic  organisms  have  been  isolated  from  an  amphipod  collected 
in  the  Mariana  Trench  at  a  10,500-m  depth  (Yayanot;  et  al.,  19dl) 
and  from  other  daep-*sea  sources  ( Darning  et  al.,  1984).  Earlier 
discoveries  of  unusual  marine  animals  and  microorganisms  and  the 
beginnings  of  marine  microbiology  have  been  documented  by  Benecka 
(1933)  and  ZoBell  (1946). 

Dense  and  thriving  populations  of  invertebrates  were  discovered 
around  the  hydrothermal  vents  at  depths  of  approximately  2,600  m 
(Ballard,  1977;  Corliss  at  al.,  1979;  Lonsdale,  1977).  Results  of 
several  studies  suggested  that  various  kinds  of  h.\cterla,  taking  the 
place  of  photosynthetic  primary  producers  of  organic  carbon,  use 
reduced  inorganic  constituents  of  the  emitted  hydrothermic  fluid  at 
the  vents  as  a  source  of  geothermal  energy  for  chamosynthesis 
(Cavanaugh,  1983;  Cavanau^  et  al.,  1981;  Felbeck,  1931,  1983; 

Jannasch  and  Taylor,  1984;  Jannasch  and  Wirsen,  1979). 

Zt  has  been  established  with  reasonable  certainty  that  the  major 
and  most  efficient  transfer  of  chemosynthetically  produced  organic 
carbon  to  the  vent  invertebrates  takes  place  by  a  newly  discovered 
type  of  symbiosis  (Cavanaugh,  1983;  Cavanau^  et  al.,  1981,  Felbeck, 
1981 ;  1983 ) .  There  la  no  evidence  that  the  densely  clustered 
populations  at  the  vents  receive  a  svibsteuttial  food  supply  from  an 
organic  source  (Jannasch  and  Taylor,  1984).  These  unusual  events 
observed  at  the  thermal  vents  have  renewed  appreciation  of  symbiosis 
and  its  role  in  natural  ecosystems. 

Tube  worms  at  the  vents  are  mouthless  and  gutless  and  have  in  their 
body  cavity  an  organ  filled  with, spongy  tissue  called  the  ttophosome, 
which  contains  procaryotic  cells  (Cavanau^  et  ax.,  1981). 
Chemosynthatic  symbiosis  is  responsibJe  for  a  large  part  of  the 
nutrition  of  these  animals  (Southward,  1982;  3'?uthward  et  al.,  1981). 

Interestingly,  sulfates  are  reduco!  geothermall/  in  the  vents.  The 
hydrogen  sulfide  released  in  the  vent  fluid  is  taken  up  by  the 
bloodstream  of  the  animals  along  with  oxygen  from  the  seawater . 

Recent'  explorations  n't  2,650-m  depths  along  the  E4st  Pacific  Rise 
have  revealed  spectacular  3-  to  17-m  high  sulfide  chimneys  or  "black 
smokers"  scattered  along  axes  of  seafloor  spreading  centers  (Jannasch 
and  Taylor,  1984;  Spiess  at  al . ,  1980).  Spewing  from  these  submarine 
vents  into  the  surrounding  cold  stawater  are  jets  of  hydrothermal 
fluid  at  temperatures  that  often  exceed  350®C.  (Hydrostatic 
pressures  at  the  vents  retain  seawater  in  the  liquid  phase  up  to 
460°C. )  These  fluids  contain  supersatur-ated  concentrations  of 
reduced  gases  and  metals,  providing  unusual  geothermal  sources  of 
inorganic  enurgy  for  chemosynthetic  bacteria  flourishing  at 
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t«B^raturttS  of  2*^0  to  40°C  on  surfaces  and  l'>  seawater 
surrounding  the  vents  (Karl  et  al.,  1980).  The  oxidation  of  hydrogen 
sulfide  is  the  source  of  en<irgy  used  to  create  bacterial  biomass. 

Baross  ^  a^.  ( 1982 }  rep<  rted  the  culture  of  viable  marine 
thermophilic  microorganisms  at  temperatures  as  hi^  as  306°C— more 
than  100*^  hi9^er  than  prevlcusly  successful  culture  temperatures. 
Subsequently,  cells  have  been  reported  to  be  culturable  under 
controlled  laboratory  conditions  at  a  pressure  of  265  atm  and 
temperatures  of  at  least  25C°C.  simulating  vent  conditions  from 
idiich  the  cultures  were  isolated.  If  such  reports  are  confirmed, 
these  extremely  thermophilic  microorganisms  from  submarine  volcanic 
vents  offer  great  potential  for  biotechnology.  However,  advances 
in  this  area  will  be  dependant  on  the  acquisition  of  an  increased 
understanding  of  the  growth,  metabolism,  and  genetic  '’haracterlstics 
of  these  microorganisms  (Oesing,  1984). 


THE  ARCHATOBACTERIA  1 

In  parallel  with  the  deephsea  discoveries.  Woese  and  his  colleagues 
proposed  that  a  large  grotq>  jof  unusual  organisms—the  archaeobacterla-- 
have  a  common  phylogenetic  origin  (Kandler,  1982}  Woese  and  Fox. 

1977).  This  proposal  followjed  their  analysis  of  the  sequences  of 
oli7>nucleotide8  obtained  from  the  16S  riboaomal  RNA  of  a  large  number 
of  bacteria  by  hydrolysis  wijth  endonuclease.  The  nucleotide  sequences 
were  compared  by  using  a  binpry  association  coefficient  ( Pox  et  al. , 
1977).  According  tc  Bergey *|b  Manual  of  Systematic  Bacteriology  (Krieg 
and  Bolt.  1984).  the  archaeobacteria  comprise  three  metabolically 
diverse  groups:  the  strictly  anaerobic  methanogenlc  bacteria,  the 
obligate  halophiles.  and  the  thermoaci dophillc  group  ( Thermoplasma . 
Sulfolobus.  and  the  Thermoprptaales ) . 

The  possibilities  for  using  archaeobacteria  in  biotechnological 
applications  have  not  been  imored  (Kandler.  1984).  The  unusual  lipids, 
nucleic  acid  and  ganome  organization,  and  metabolic  functions  of  these 
organisms  offer  great  opportunities  for  advances  in  biotechnology. 

plasmids  in  HARiyB  BACTERIA  j 

Plasmids  are  widely  distrjibuted  among  marine  bacteria  in  the  deep  sea 
(Olson  et  al . .  1978)  and  in  the  Antarctic  (Kobori  a^. .  1984).  Much 
of  the  literature  about  them!  suggests  that  extrachrcmosonal  elements 
are  possible  agents  of  adaptation  and  development  (Raanney.  1976). 
Obvicusly.  they  may  play  a  major  role  in  the  marine  environment  as 
well.  The  genetics  of  marin^  bacteria  is  beginning  to  be  elucidated 
(MacDonell  and  Colwell.  19841  and  in  press).  Shuttle  cloning  vectors 
have  been  described  (Datta  et  aJL . ,  1984).  and  genes  have  been  cloned 
(Potrikus  et  al..  1984;  WortSan  et  al..  1985). 
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MARINS  7ISHES 


Recently,  genetic  engineering  hae  been  applied  to  fish  (Takeshita 
et  al. ,  in  press).  A  specific  example  of  genetic  aanipulation  in 
marine  fishes  Involves  the  antifreeze  gene  con^lex  (Gourlie  et  al., 
1984).  These  genes  are  regulated  by  dianges  in  environmental 
temperature.  The  antifreeze  genes  can  be  used  as  a  model  of  the  ways 
that  environmental  temperatures  affect  functions  of  higher  organisms. 
They  also  have  a  potential  practical  application  in  the  storage  of 
organs  and  cells  at  low  temperature. 


Specifically,  tlie  antifreeze  genes  are  involved  in  the  synthesis  of 
polypeptides  th/it  contain  periodic  saccharides.  These  antifreeze 
proteins  depress  the  freezing  point  of  fish  fluids  (DeVries,  1971, 
1984).  Both  antarctic  and  ^urctic  fishes,  %rhicn  continually  experience 
low  temperatures,  have  antifreeze  genes  that  are  always  turned  on. 
However,  fishes  living  in  temperate  regions  experience  cold  water 
seasonally  and  need  antifreeze  proteins  only  in  the  cold  seasons.  For 
example,  these  proteins  are  detected  in  the  winter  flounder 
(Pseudopleuronectes  americanus )  only  during  the  cold  months  whan 
temperatures  can  drop  to  l.S^C  from  summer  temperatures  as  high  as 
20°C.  ^  vivo  synthesis  of  these  proteins  has  been  correlated  with 

changes  in  photoperiod  as  well  as  with  temperature  shifts  (Duman  and 
Devries,  1974)-.  During  winter  and  spring  (November  to  April),  few 
proteins  other  than  antifreeze  are  synthesized.  In  summer’,  no 
significant  antifreeze  mRNA  can  be  detected.  The  appearance  and 
disappearance  of  this  mRNA  etre  correlated  with  seasonal  changes  in 
antifreeze  protein  in  the  sezttm  (Gourlie  et  al. ,  1984). 

Antifreeze  proteins  have  been  sequenced  (DeVries,  1984).  .’or  the 
winter  flounder,  the  DNA  nucleotide  sequence  has  been  determined  as 
well  (Gourlie  et  al. ,  1984).  In  some  cases,  distantly  related  fishes 
have  slmilaf  antifreeze  proteins,  whereas  seme  more  closely  related 
fishes  have  quite  different  ones  (DeVries,  1984).  In  the  winter 
flounder,  there  is  a  family  of  antifreeze  genes  (dourlie  et  al. , 

1984).  Studies  of  the  structure  of  the  emtifreeze  proteins  of  this 
fish  indicate  that  the  polar  residues  aspartate  and  threonine  are 
spaced  in  such  a  way  that  they  may  interrupt  the  ice  lattice,  thereby 
depressing  the  freezing  point  (DeVries,  1984).  The  antifreeze  system 
is  an  excellent  model  for  studying  environmental  factors  affecting 
gene  expression  and  associated  cellular  events  in  marine  organisms. 


MARINE  PLANTS 

DNA  technology  has  recently  led  to  ^e  development  of  menhods  to 
regenerate  plants  through  protoplast  fusion.  This  procedure  may 
circumvent  barriers  of  conventional  hybridization  and  result  in  the 
production  of  new  varieties  of  plants.  The  development  of 
aconoraically  feasible  sources  of  renewable  fuels  from  green  plants,  ' 
including  marine  algae,  demonstrates  that  there  is  a  considerable 
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potantlul  for  th«  production  of  coaaarclnlly  lapox'tant  hydrocarbons 
that  aay  ba  usad  as  fual  oils. 

Biotachnology  has  also  rasxiltad  in  iaprovad  quality  and  incraased 
quantity  of  hydrocarbons  produced  by  plants*  Plant  cell  culture  has 
bean  conaonly  usad  to  induca  scaaclonal  variation  by  taking  advantage 
of  praaxisting  tissua  variation  and  nutation*  In  addition*  protoplast 
tacdinology  anablas  investigators  to  transfer  desirable  genetic  traits 
between  oil-producing  species  and  to  regenerate  plants  through 
protoplast  fusion* 

Novel  raconbinant  DMA  nathods  are  being  developed  to  transfer  genes 
between  distantly  related  organisms.  Gene  transfer  by  somaclonal 
variation,  protoplast  fusion,  or  recombinant  DNA  can  result  in  the 
production  of  annual  crops  yielding  hydrocarbons  or  containing  genes 
controlling  characteristics  involved  in  resistance  to  diseases, 
insect^,  and  herbicides*  New  varieties  have  not  yet  been  produced  by 
protoplast  fusion.  In  the  future,  however,  it  is  e^^ectad  that 
additional  species  will  be  regenerated  from  protoplasts  and  that  there 
will  be  an  enqihasia  on  cytoplasmic  traits  and  on  agriculturally 
iapo*.'tant  crops  and  traits*  Integration  of  DNA  technology  into 
breeding  programs  and  interfacing  it  with  other  cell  cultvire 
tadiniques  could,  result  in  novel  harvests  if  applied  to  marine  algae 
and  seaweed  cultiire* 

Plant  chloroplasts  may  be  useful  vehicles  for  gene  transfer  ^ 

and  may  provide  a  method  for  dealing  with  somaclonal  variation, 
cytoplasmic  male  sterility,  herbicide  resistance,  and  photosynthetic 
efficiencies.  '’.ysosomaU.  fusion  and  molecular  fingerprinting  may  also 
provide  mere  concise  characterization  of  new  plant  varieties*  The 
methods  discussed  above  have  only  just  begun  to  be  applied  to  marine 
plants*  In  addition  to  the  production  of  fuels,  the  polysaccharides 
of  marine  algae.  Including  agar  and  carrageenan,  are  products  of 
economic  io^rtance  as  well  as  of  scientific  interest  (Colwell,  1983). 


BID  FOOLING 

Significant  advances  have  been  made  in  understanding  the 
early  stages  of  microbial  film  formation  preceding  attachment  of 
macroorganisms  to  surfaces.  Much  of  it  has  derived  froa  research  on 
interactions  between  procaryotes  and  invertebrates.  A  specific 
exasple  is  t)ie  association  between  a  bacterium  emd  the  oyster 
Crassostrea  vlrginica*  The  bacterium  produces  melanin  and  a  viscous 
slime  layer  that  facilitates  strong  adhesion,  l.e.,  an  exopolymer. 

An  unusually  large  variety  of  marine  procaryotes  (Hyphomonas  spp. ) 
were  recovered  from  a  single  mussel-like  animal  in  hydrothermal  vents 
at  a  depth  of  2,500  m  near  the  Galapagos  Islands.  These  bacteria  also 
synthesize  adhesion  polymers  and  melanins,  and  they  tolerate  a  wide 
range  of  environments,  multiplying  within  a  pH  range  of  5  to  10  and 
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in  th«  ptmmvnem  ot  2%  to  18%  aalt  in  tomporaturas  of  .3°C  to  50°C. 

Thay  also  grow  wall  at  ataospharie  prasaura  and  ara  far  nora  rasistant 
to  prasaura  Changas  than  ara  tarrastrial  procaryotas  (Nainar  ^  al. , 
in  prass).  Thus,  spacias  of  Hyphomonas  ara  ona  axaopla  of  many 
organisms  that  ara  hiq(hly  suitabla  as  racombinant  Dm  hosts  for 
axprassion  of  ganas  from  tarrastrial  and  astuarina  organisms  in  tha 
anvironmant  as  wall  as  for  probing  tha  ganatie  basis  of  attachment  and 
production  of  adhesion-promoting  matabolitas. 

Genetic  anglnaering  of  marina  organisms  is  moving  forward  vary 
rapidly  in  a  variety  of  applications  similar  to  those  where  genetic 
snginearing  has  already  bean  successfully  applied  with  land-based 
organisms,  notably  to  control  bacterial  attachment  in  biofoullng,  to 
modify  blopolyAer  surfaces,  to  reduce  or  eliminate  tha  effects  of 
toxins,  and  to  recover  metals.  Biofoullng  involves  a  conplax  series 
of  linked  events,  starting  with  adsorption  of  biopolymars  to  surfaces 
and  bactarial  adherence  to  the  polymers,  followed  by  colonization  by 
other  organisms  on  tha  conditioned  surfaces.  Clearly,  research  la 
needed  to  understand  tha  basic  biology,  chemistry,  and  physics  of 
these  events,  as  well  as  the  role  of  chamoreception  in  biofouling. 

Ona  possibility  for  the  control  of  biofoullng  would  be  modification  of 
biopolymer  surfaces  so  that  bacteria  cannot  reco^iize  them. 


MARINE  BIOSENSOKS 

In  the  mid- 19708  Blakemore  (1975)  reported  tha  startling  discovery 
of  magnetotactic  bacteria— singular  noncontroverslal  evidence  that 
organisms  can  detect  a  magnetic  field.  Tor  decades,  a  nianber  of 
investigators  have  suggested  that  several  otganlsms  from  birds  to  bees 
use  magnetic  fields  for  orientation  and  navigation,  but  this  has  never 
been  proven.  Because  the  earth's  magnetic  field  Is  mudi  too  small 
conpared  to  thermal  noise  to  have  an  effect  on  isolated  atoms  at 
ordinary  temperatures,  it  follows  that  organisms  oust  possess  a 
ferrouagnet  to  respond  to  the  field,  as  do  the  bacteria.  Since  the 
discovery  of  magnetotactic  bacteria,  there  has  been  a  flurry  of 
reports  of  the  presence  of  magnetite  in  hl^er  organisms,  but  there  is 
not  enough  evidence  at  present  to  relate  such  a  presence  directly  to 
navigation. 

Shar)cs  can  detect  electric  fields  as  small  as  5  nV/cm  (Kalmljn, 
1981).  This  is  surprising,  because  their  detection  ability  may  be 
hanpered  by  a  nunber  of  factors,  including  thermal  noise,  the  electric 
fields  generated  by  the  shark  Itself,  and  the  electric  field  generated 
by  ocean  currents  resulting  from  the  magnetic  fields  (Xalmljn,  1981). 
In  fact,  sharks  may  possess  an  Internal  signal-processing  system  that 
can  discriminate  between  various  electrical  signals. 

The  5nV/cm  detectable  by  the  shark  would  correspond  roughly  to  500 
nV,  if  it  had  an  antenna  1-m  long.  Johnson  noise  is  given  by 
{ 4kTR  delta-f)^/2,  where  k  is  the  Boltzmann  constant,  T  is 
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tanpcratura,  R  is  reslstanc*,  and  dalta-€  is  ths  bandwidth.  For  a 
bandwidth  of  10  Hz  and  a  l-aagoha  raslstor,  Johnson  noise  corresponds 
to  approxiiaately  500  nV  at  rocei  temperature.  Thus  such  detection  by 
the  shark  is  feasible.  It  is  unfortunate  that  this  work  has  not  been 
corroborated,  because  such  a  sensing  system  probably  would  outperform 
any  available  artificial  device. 

Marine  macro-  and  microorganisms  offer  a  gene  pool  as  yet 
untapped.  Luminous  marine  bacteria  are  versatile  heterotrophs 
associated  with  a  variety  of  living  and  nonliving  sources  of  organic 
matter.  They  have  been  Isolated  from  seawater  throu^out  the 
world— from  tropical,  teaperate,  and  polar  regions,  and  from  surface 
waters  to  depths  of  several  thousand  meters  (Omdorff  and  Colwell, 
1981;  Ruby  et  al . ,  1980;  Shllo  and  Vetlnson,  1979).  Luminous  bacteria 
may  exist  as  nutuallstic  symbionts  in  the  light -emitting  organs  of 
fishes  (Herring  and  Morin,  1978),  as  enteric  bacteria  in  a  vuiety  of 
marine  organisms  (Hastings  and  Nealson,  1977;  Liston,  1954),  as 
parasites  of  crustaceans  (Baross  at  al.,  1978;  Harvey,  1952),  as 
saprophytes  on  dacomposlng  macroscopic  animal  matter  (Harvey,  1952; 
Hasting*  ond  Maalson,  1977),  or  as  members  of  ths  general  planktonic 
microbial  population  of  aea%Niter  (Hastings  and  Mitchell,  1971;  Ruby 
and  Nealson,  1978;  Yatinson  and  9illo,  1979) .  The  bioluminescent 
organisms,  widely  distributed  in  the  marine  environnent  (Omdorff  and 
Colwell,  1981;  Ruby  et  al.,  1980),  may  provide  biological  sensors 
through  analysis  and  development  of  the  luminescence  system.  Bi^ly 
sensitive  detection  and  response  systems  of  fish  and  other 
macroorganisms  have  been  reported  but  remain  to  be  studied  in  detail. 

An  interesting  application  of  the  luminescence  phencnenon  in  marine 
microbial  ecology  is  the  use  of  DMA  probes  for  studying  the  ecology, 
physiology,  and  genetics  of  marine  bacteria.  The  A  and  lux  B 
genes  of  the  luminous  bacterium  Vibrio  harveyi ,  which  code  for  the  two 
subunits  of  luciferase,  have  been  cloned  and  used  as  a  pr<*be  for 
luciferase  genes  in  other  organisms  (Potrikus  et  al. ,  1984).  The 
probe  was  synthesized  by  nick  translation  with  sulfur  35-labelled 
deoxyadenosine  triphosphate  (dATP),  whose  longer  half-life  provides 
more  time  for  shipboard  studies.  Althou^  sensitivity  is  not  lost 
through  the  vme  of  this  procedure,  exposure  oust  extend  for  2  or  3 
days,  rather  than  for  a  few  hours,  to  obtain  autoradiographs.  Probes, 
such  as  the  lux  gene  probes,  can  be  used  very  effectively  to  identify 
and  quantitate  virtually  any  gene  ^  situ. 

The  potential  of  the  oceans  for  providing  or gm isms  of  unusual  and 
fascinating  structure  and  function,  e.g.,  sensory  physiology, 
electrophysiology,  and  osmoregulation,  is  great,  and  the  committee  did 
not  attempt  to  review  every  possibility  in  exhaustive  detail.  Those 
research  areas  discussed  above  offer  only  some  of  the  pxstentially 
productive  avenues  of  research  for  marine  biotechnology. 
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Chapter  8 


REOOMMEMDATIONS 


Tha‘coamli-ta«  found  no  avldanc*  indicating  that  apecific  araas  of 
raaaarch  ahould  ba  funded  to  the  exclusion  of  othars.  Although 
opportunities  to  support  isqportant  research  are  evident,  obvious  signs 
of  great  neglect  were  not  detected  in  any  field.  Haverthelass,  the 
connittee  concluded  that  a  great  deal  iiore  resaardi  in  certain  areas 
of  aarine  biotechnology  would  be  especially  rewarding. 

Although  basic  research  that  might  be  most  valuable  to  ONR  has  been 
identified,  scientific  discoveries  cannot  be  predictad.  Thus,  the 
committee's  recommendations , should  not  be  viewed  as  proscriptions  of 
any  research. 

The  coamd.ttee's  recommendations  fall  tmder  three  headings:  general 
categories,  specific  research  areas,  and  ta<dinigues. 


GENERAL 

The  committee  believes  that  the  development  of  marine  biotacdinology 
is  dependent  on  advances  Jn  basic  research.  It  therefore  encourages 
ONR  to  adhere  to  its  current  philosophy  of  supporting  the  best 
research  project  and  to  encourage  innovative,  basic  research  by 
single  investigators  or  small  groups,  independent  of  perceived 
applications.  Purtheznora,  ONR  should  publicize  its  program  more 
extensively  to  enlarge  its  pool  of  applicants. 

ONR  should  not  neglect  multidisciplinary  or  long-term  research 
projects.  The  value  of  and  need  for  interdisciplinary  research  fot 
long-term  development  was  recognized  by  participants  in  both  conferences 
held  by  tlie  committee,  as  well  as  by  the  committee  itself  during  its 
deliberations.  Thus,  in  addition  to  funding  projects  proposed  by 
individual  scientists,  ONR  should  consider  allocating  a  portion  of  its 
resources  to  projects  involving  teams  of  principal  Investigators 
representing  diverse  disciplines.  Perhaps  the  best  way  to  achieve  this 
is  to  find  a  scientist  with  the  needed  breadth  of  knowledge  and  interest 
and  to  fund  that  person  sufficiently  to  form  such  a  group.  Dniversity- 
industry  cooperation  ahould  also  be  encouraged. 
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Tb*  cocmittM  also  racoeoMnds  that  ONR  support  af forts  to  laprova 
instrunantatlon  and  to  raflna  spaclflc  tadiniquas.  Thasa  activitlas 
■ay  ba  nacassary  for  tha  advancaiiant  of  knowladga  in  tha  basic 
rasaarch  araas  of  Intarast. 

Tha  Havy  has  tha  nandata  to  da^alop  and  protact  tha  ocaans  and 
aarlna  anviroment.  Thus,  basic  rasaardi  that  will  advanca  marina 
biotachnology  marita  tlia  attantion  of  ONR  and  providas  justification 
for  ONR  to  assuma  rasponsibility  for  basic  rasaarch  in  marina  biology* 

Tha  cooPLittaa  tharafora  raccmmands  that  ONR  consider  possibla 
applications  to  the  marina  anvlronmant  whan  reviewing  proposals  for  ^ 
bMic  research,  if  ONR  builds  bases  of  expartise  in  diver sa  fields.^ 
investigators  associated  with  ONR-supportad  rasaardi  can  provide  I 
advice  on  specific  topics  relevant  to  naval  needs.  To  this  and,  it  iJ 
appropriate  for  ONR  to  support  research  in  many  fields,  such  as 
genetics,  inunology,  call  biology,  microbiology,  biodiesilstry, 
biophycics,  and  diamistry,  where  applicable,  to  marina  biology. 

Thera  is  a  need  to  maintain  refer anca  cultures  of  gem^lasm  for 
comparative  studies.  Narine  biotechnology  will  require  a  ready  source 
of  sudi  material  for  rasaarch  and  development.  Tharafora,  tha 
committee  racoasBands  that  ONR  support  tha  maintenance  of  marina 
microorganisms  in  depositories  and  collections,  of  which  the  American 
Type  Culture  Collection  is  just  one  example. 


RESEARCH  AREAS 


Tha  various  areas  of  biotechnology  are  aiqpanding  almost  explosively. 
Marina  biotechnology,  among  the  newest  and  most  innovative,  is  also  one 
of  tha  least  developed.  Tha  Navy  has  a  direct  and  vital  interest  in 
this  discipline  and  would  benefit  from  knowledge  of  the  components  of 
Ufa  in  the  sea— the  nucleic  acids,  proteins,  and  polysaccharides.  Mora 
importantly,  there  is  a  need  to  laarn  tha  structure,  function, 
physiology,  metabolism,  and  systematica  of  whole  oiganisms  functioning 
in  the  ocean,  especially  in  the  deepest  parts  of  the  oceans  and  at  the 
newly  discovered  hydrothermal  vent  areas.  For  modern  biology  to  ba 
applied  to  marina  systems,  these  lacunae  in  knowledge  mist  be  filled. 
Thus,  the  greatest  research  need  concerns  basic  principles  upon  which 
marine  biotechnology  can  be  founded. 


Nucleic  Acids 

Research  concerned  with  nucleic  acids  is  of  central  importance  to 
biotechnology  and  has  potential  for  producing  results  that  can  ba 
applied  in  many  ways.  Over  the  past  5  years,  there  has  been  a 
staggering  increase  in  developments  that,  for  the  most  part,  were 
neither  planned  nor  foreseen.  Mora  importantly,  the  origins  of  these 
findings  c^kn  be  traced  to  advances  in  fundamental  knowledge,  as  well  as 
to  tha  development  of  new  techniques. 
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Th*  coaad.tt««  racooiMndi  that  apaclal  consldaratlon  ba  glvan  to  two 
araaa:  (1)  tha  structural  diaoistry  and  confomatlon  of  nuclalc  acids 
and  (2)  aolacular  ganatlcs  and  tachniquas  of  ganatle  anglnaarinq. 

(1)  Riowladqa  of  tha  structure  and  conforoatlon  of  nuclalc  acids 
includes  topics  such  as  coiling  and  suparcoiling/  hybridization  and 
proba  tachniquas,  and  nuclaoprotalns  and  complaxing  of  nucleic  acids 
with  proteins. 

( 2)  Ths  potential  of  genetic  anginaarlng  for  biotechnology  is 
widely  appreciated,  and  support  for  research  concerned  with  its 
davelopnent  is  trell  justified.  Cloning  of  specific  genes  can  lead  to 
tlia  directed  biosynthesis  of  biomaterials;  genes  can  then  probably  be 
modified  to  alter  proteins  to  suit  specific  applications.  Basic 
research  in  molecular  genetics  ranging  from  regulation  of  gene 
eJ^esslon  to  mutagenesis  would  help  to  adiieve  this  goal. 


Proteins 

Protean  molecules  play  a  vital  role  in  most  of  the  many  chemical 
reactionii  that  take  place  in  a  living  cell.  For  example,  practically 
all  enzymes  are  protein  molecules,  whereas  their  substrates  can  be 
sugars,  nucleic  acids,  proteins,  or  simpler  biomolecules.  To 
understand  life  at  a  molecular  level,  it  is  necessary  to  understand 
the  interactions  between  biomolecules,  and  protein  plays  the  central 
role. 

The  conmdittee  reconsaends  that  special  consideration  be  given  to 
three  areas:  (1)  protein  structure  and  function,  including  membrane 
receptors;  (2)  immunological  detection;  and  (3)  e:qploration  of  unusual 
enzymes. 

(1)  The  major  focus  in  protein  research  is  the  relationship 
between  protein  structure  and  function.  The  structure  is  no  longer 
regarded  as  a  static  configuration.  Rather,  the. internal  motion  of 
the  molecule  is  now  recognized  as  very  important.  This  subject  is 
being  studied  from  many  angles,  both  theoretical  and  experimental,  but 
progress  is  slow.  Because  of  the  importance  of  this  relationship  and 
its  relevance  to  biotechnology,  the  committee  recoonends  that  ONR  fund 
studies  designed  to  elucidate  it. 

It  is  the  very  nature  of  receptor  proteins  in  membranes  to  act  as 
biosensors.  They  transduce  a  signal  and  transmit  it  across  the 
membrane.  As  yet  they  have  had  no  practical  impact,  but  elucidation 
of  new  principles  could  be  very  Important  for  any  specific  sensor. 

(2)  Antibodies  can  be  generated  to  react  immunologlcally  with 
virtually  any  chemical.  This  is  probably  the  only  completely  general 
technique  for  detecting  molecules.  In  addition,  the  technique  offers 
some  latitude  with  respect  to  specificity.  For  example,  monoclonal 
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antibodlaa  nay  b«  highly  apecifie,  %ifaaraaa  polyclonal  antibodiea 
poaaaaa  aona  divaralty  %ilth  ro'.-ard  to  the  ehemicala  recognized. 
Reaeardi  in  ianaunology.  apecifically  on  monoclonal  antibodiea  and  the 
antigen-antibo^  reaction,  merita  conaideration  for  aupport  by  OMR. 
However,  the  committee  recoomenda  that  OMR  be  carefully  selective  in 
ita  aupport  of  reaearch  in  thla  field  to  avoid  duplication  of  effort 
already  undertaken  or  planned  elaewhere.  bsmunologlcal  reaearch  of 
aignlflcance  to  the  marine  environment  and  marine  life  ayatema  ahould 
be  covered  by  OMR  becauae  of  potential  beneflta  to  the  Navy. 

(3)  Bnzymea  are  preaent  in  organlama  that  occupy  habltata 
diaracterized  by  extreme  temperature,  preaaure,  or  other  propertlea. 
Some  of  theaa  enzymea  are  likely  to  differ  froai  thoae  found  in  more 
normal  habltata  aa  a  result  of  evolutionary  adaptationa  (Zaboraky, 
1982).  The  exploration  of  new  and  un\isual  enzymea  (e.g.,  thermophilic 
enzymea  and  oxygenaaea)  ahould  be  encouraged.  Although  the 
aenaitivity  of  enzymatically  based  bioaansors  may  be  surpassed  by 
immunological  methods,  specific  applications  and  unusual  enzymes  may 
warrant  additional  research. 

Mew  methods  for  modi ^ing  enzymes  and  proteins  need  to  be 
developed.  These  ahould  include  tedmigues  based  on  organic  chemistry 
and  on  the  use  of  enzymea.  The  activity  of  enzymes  in  nonaqueous 
solvents  should  be  explored,  as  should  the  diaractarlzation  and  use  of 
Immobilized  enzymea. 


Polysaccharides 

Secauae  oif  the  structural  diversity  of  the  polysaccharides,  which 
may  provide  a  means  of  cellular  recognition,  these  polymers  may  be 
very  iiqportant  in  the  development  of  biosensors  Md  bicmaterials.  It 
also  seems  likely  that  Important  biomatarials  could  be  generated  by 
altering  them.  Recent  technological  advances  have  opened  the  door  to 
understanding  and  modifying  the  structure  of  polysaccharides,  and  OMR 
has  an  opportunity  to  become  a  lead  agency  in  the  field  of  marine 
polysaccharide  research. 

The.  committee  recommends  that  special  consideration  be  given  to 
three  areas:  (1)  understanding  the  structtire  of  polysaccharides:  (2) 
understanding  and  cataloging  their  specificities;  (3)  and  searching 
for  new  and  unique  polysaceiiarides. 

(1)  Polysaccharides  have  more  complex  structures  than  proteins  and 
nucleic  acids.  It  is  necessary  to  understand  both  the  fine  struccure 
of  the  polymers  themselves  and  the  ways  the  structures  are  linked 
together  to  form  the  polymers.  Various  new  tedinologies,  such  as 
nuclear  magnetic  resonance  and  circular  dlchrolsm,  will  be  useful  in 
such  studies.  In  addition,  studies  of  the  three-dimensional  structure 
of  polysaccharides  will  be  very  iaqxsrtant  for  understanding  their 
potential  applications. 
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(2)  Aaid*  froa  th«  major  bulk  matarlals  callulosa  and  atarch,  and 
a  nunbar  of  wldaly  dlstributad  marina  polysaccharldas,  major 
biological  spacificity,  aapacially  of  call  surfacaSf  rasidas  in  tha 
multituda  of  amall  polysaccharidea.  Thia  apacificity  ahould  ba 
▼aluabla  in  tha  oonatruction  of  apacific  aanaora* 

(3)  Thara  ia  a  graat  variaty  of  naturally  occurring 
polyaaccharidaa ,  and  many  of  them  have  proved  uaeful  (aaa  Table  6-1). 

A  aaarch  for  new  and  unique  polyaaccharidaa  ahould  ba  initiated  in  all 
araaa  of  ^a  biological  world,  aapacially  tha  ocaana. 


Synthetic  Analogs 

Baaaarch  on  synthetic  analogs  and  systems  encompasses  the  major 
disciplines  of  chemistry,  biophysics,  biochemistry,  and  molecular 
biology.  Tha  term  synthetic  analog  refers  to  the  specific  design  of 
discrete  compounds  that  mimic  a  particular  function  and  structure  of  a 
biological  molecule.  Tha  tans  synthetic  system  refers  to  an  ordered 
array,  i.a.,  a  molecular  arrangement  of  different  cca^ounds  integrated 
into  a  functioning  unit.  A  good  example  of  a  synthetic  system  is  a 
synthetic  membrane  comprising  protein  and  lipids.  Althou^  research 
on  synthetic  analogs  and  systems  has  bean  conducted  with  soma  success, 
recent  advances  in  molecular  biology,  organic  synthesis,  materials 
sciences,  instruswntation ,  and  computational  capabilities  open  up  new 
vistas.  For  example,  there  are  opportunities  for  syatherlzing- 
characterizing,  and  improving  analogs  of  enzymes,  mambranes,  photo- 
catalysts,  electron  transfer  agents,  ion-transport  proteins,  chelating 
agents,  hormones,  and  many  other  compounds  of  biological  importance. 

The  committee  racdomands  that  special  consideration  ba  given  to  two 
(1)  specificity  of  tha  biological  activity  of  synthetic  analogs 
and  systems  and  (2)  their  activity  in  unusual  odcroenvironmants , 
including  nonagueous  solvents. 

(1)  Studies  are  needed  to  improve  the  design  and  synthesis  of 
blomimetic  molecules  exhibiting  very  highly  specific  interactions  with 
the  natural  ligand  molecules.  Synthetic  analogs  may  bo  operative  in 
microenvironments  different  from  those  in  which  the  natural  molecules 
operate  and  may  exhibit  chemical  stability  superior  to  that  of  tha 
natural  molecules  in  those  microenvironments. 

(2)  The  synthesis  and  characterization  of  analogs  and  systems 
exhibiting  other  than  hydrolytic  phenomena  should  be  supported.  To 
date,  most  studies  have  focused  on  hydrolytic  reactions  of  esters  and 
amides. 


Whole  organisms 


There  are  many  important  research  areas  in  marine  biology, 
especially  marine  microbiology,  that  Involve  studies  of  intact  calls 
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and  whol*  organims.  An  undarstanding  of  tha  dlvarslty  of  tha 
physiology*  structura*  acology*  sensing  and  coouminication  ability,  and 
systaawtics  of  narine  organisms  will  enhance  undarstanding  of  cellular 
and  biochemical  processes.  Moreover,  such  work  will  probably  provide 
direct  insights  that  could  be  applied  to  the  development  of  biosensors 
and  bicmaterials. 

The  coBBolttee  reccimnends  that  special  consideration  be  given 
to  three  areas t  (1)  structure,  furction,  and  aatabclism  of  tinusual 
organisms,  especially  those  found  in  extreme  environments;  (2)  sensory 
detection  and  cooDunlcation,  e.g. ,  electromagnetic  detection  in 
fishes;  and  (3)  systamatics,  physiology,  and  ecology  of  marine 
microorganisms. 

(1)  The  OHR  should  fund  basic  research  on  the  structure,  function, 
and  metabolism  of  ar^aeobacteria,  hydrothermal  vent  organisms,  and 
other  species  of  marine  animals,  plants,  and  microorganisms  not  well 
known  or  recently  discovered.  These  include  bioluminescent,  oligo- 
tactic,  magnetotactic,  psych rophi lie,  barophilic,  oligotrophic,  and 
related  species,  nigh  temperature  enzymes,  biolumlnescence  systems, 
and  the  enzymatic  mechanisms  involved  in  chemosensing  may  be  a 
valuable  source  of  new  findings  for  biosensor  and  biooaterial 
developewnt. 

(2)  Uectromagnetic  detection  in  fishes  is  an  Intriguing 
area  of  research.  Studies  on  this  subject  presently  involve  an 
interdisciplinary  interface  between  biophysics  and  biology.  The 
committee  recommends  wpport  for  this  research  because  of  its  great 
potential,  especially  if  it  proves  to  be  both  valid  and  feasible 
for  development. 

(3)  The  committee  also  recommends  research  on  the  systamatics 
of  marine  microorganisms,  especially  if  it  is  molecularly  based, 
to  provide  a  data  base  concerning  their  characteristics  and 
distribution.  This  would  also  provide  a  basis  for  studying  ecologioal 
patterns  of  marine  microorganisais,  which  the  committee  believes  to 

be  important.  These  patterns  include  community  structure,  trophic 
relationships,  and  energy  flow.  Studies  of  this  type  woitld  be  helpful 
in  determining  the  source  of  foreign  objects  and  in  biosensing. 


TECHNIgJES 

Techniques  are  tools  needed  in  basic  research.  Major  advances  in 
any  field,  are  dependent  on  them.  '  For  example,  the  understanding  of 
protein  structure  depended  upon  x-ray  crystallography,  gel  electro¬ 
phoresis,  and  radio immunoassayc.  Projects  need  not  be  limited  to  the 
development  of  methods  and  techniques,  but  should  include  significant 
basic  research  as  well.  Indeed,  the  line  between  the  development  of 
techniques  and  basic  research  is  not  a  clear  one. 
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I 


Th«  rccoiaundatians  that  follow  all  arlaa  froa .  consldarations  of 
tha  flva  raaaarch  araaa  deacrihad  abova.  Thay  ahara  an  anphaals  on 
tachniquas— ^athods  and  InstruaMntation— and  ara  all  aotlvatad  by 
fundaoantal  rasaardi  quastiona. 

Tha  cosaaittaa  racaesBanda  that  apaclal  conaidaratlon  ba  glvan  to  alx 

araaat 

(1)  tranaducara  auch  aa  matal  oxida  aasicondactor  flald-affact 
tranalators  (MOSFET)  to  convart  tha  antlgan-antibody  raaction  into  an 
alactric  algnal  in  raal  tiaa; 

(2)  uaa  of  ONA  probaa,  which  can  laad  to  naw  inai^ta  into  marina 
aystama,  a.g. ,  by  improving  aansitiva  dataction  in  tha  noiay  marine 
anvirooment; 

( 3)  asplification  of  a  aignal  by  coupled  and  conaacutiva  reactiona 
in  biocatalytic  and  phyaical  caacadaai 

(4)  tha  davalopment  of  naw  inatrumantation,  a>g.,  apactroacopic 
analysaa  for  synthetic  analogs  and  mechanisms  for  datermining  the 
structure  of  molaculaa  such  as  polysaccharides,  leading  to  a  better 
understanding  of  many  developmental  problems  related  to  call 
recognition  and  to  tha  davalopaant  of  bicsensors  based  on  tha  same 
principles; 

( 5)  new  and  specific  methods  of  fragmenting  native  polysaccharides 
at  known  points,  using  rational  methods  similar  to  those  used  in  tha 
design  jf  catalysts  that  can  cleave  a  linear  DNA  molecule  at  a 
specific  point,  and  new  physical  methods  for  examining  both  tha  intact 
polysaccharide  and  tha  fragments;  and 

(6)  manipulation  of  organisms  from  extrema  or  special  environments. 

/Ipparatuses  have  been  developed  to  maintain  high  hydrostatic 
pressure,  salinity,  temperature,  and  other  important  environmental 
parameters,  but  greater  refinement  is  needed  for  retrieval, 
maintenance,  and  observation  of  and  exx>erimentation  on  these 
organisms.  Of  particular  interest  are  organisms  that  are  symbiotic, 
phototropic,  luminescent,  halophilic,  psychrophilic,  thermophilic, 
acidophilic,  barophilic,  microaerophilic,  or  anaerobic.  Research 
involving  tha  development  of  methods  for  isolation,  cx-lture,  and 
maintenance  of  such  organisms  is  strongly  encouraged. 

In  summary,  ONR  should  invest  selectively  in  basic  research, 
especially  when  it  involves  marine  material,  concerns  the  marine 
niilieu,  and  shows  promise  of  leading  to  the  development  of  new  methods 
and  applications  in  biotechnology.  The  meurine  environment  is  indeed 
the  province  of  tha  Navy,  and  a  mastery  of  modern  biochemistry  and 
molecular  biology  is  necessary  to  understand  the  marine  realm,  as  is 
the  knowledge  of  the  structure  and  function  of  organisms  that  live  at 
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prMsura  or  tamporatur*.  Tha  ooaalttaa  has  frovldad  a  focus  for 
futura  rasaareh,  fully  raalising  that  tha  Navy  eaimot  support  all 
aspscts  of  aarina  blotachnology  but  that  it  can  proamta  tha 
davalopiaant  of  a  fluid  rlpa  for  axploitatlon.  3y  supporting  tha  bast 
sciantists  and  tha  a»st  Innovativa  rasaarch  projacts,  OMR  will  raap 
tha  bast  rawards  for  its  funding* 
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